



















brittle  creep  in  a  suite  of  sandstones  and  a  basalt  under  triaxial  stress  conditions.  Results  from 









Sample  variability  results  however  in  significant  scattering  in  the  experimental  data  and  numerous 
experiments are needed to clearly define a relation between the strain rate and the applied stress. 
Hence,  it  is  demonstrated  that  stress‐stepping  creep  experiments  provide  a  means  to  successfully 
overcome this problem. The influence of effective stress was investigated in stress‐stepping experiments 
with  effective  confining  pressures  of  10,  30  and  50  MPa  (whilst  maintaining  a  constant  pore  fluid 
pressure of 20 MPa). In addition to the expected purely mechanical influence of an elevated effective 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table  10.4.  Experimental  conditions,  power  law  and  exponential  function  gradient  coefficients  and  results  of 
regression analysis for a number of stress‐stepping creep experiments on EB. 
 












































































































































































































































































































































































time  at  UCL  memorable.  Namely,  Ed,  Simon,  Almar,  Rosie,  Dan,  Sami,  Pete,  Phil,  Ellie,  Ben,  Helen, 
Adrian, David, Peter, Ian, Chris and Ruth. Thanks must also go to Jim, Sean, Ron, Jen, Celine, Leisa, 






















































































data  on  stress  corrosion  cracking  has  been  derived  from  experiments  on  single  cracks  at  ambient 











































a  significant  influence  on  dynamic  elastic  moduli  measured  at  ultrasonic  frequencies  [Winkler  and 
Murphy III, 1995; Vinciguerra et al., 2006], due to rapid energy dissipative mechanisms such as ‘fluid 
squirt’. However, static elastic moduli have a frequency some nine orders of magnitude lower than 











































•  Chapter  Seven  discusses  the  results  of  the  stress‐cycling  uniaxial  experiments  presented  in 
Chapter Six. 




•  Chapter  Ten  presents  experimental  results  on  the  time‐dependent  brittle  deformation 
behaviour of Etna basalt. 




















Tectonic  stresses,  present  in  the  Earth’s  crust,  are  responsible  for  its  deformation.  They  act  sub‐




our  understanding  of  rock  physics  as  well  as  more  fundamental  geological  processes  such  as  plate 
tectonics, regional deformation and the mechanics of earthquakes and faulting. The magnitudes of such 
crustal stresses can be measured using several different techniques. They can be measured directly 
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σ1 is the greatest principal stress, σ 2 is the intermediate principal stress and σ 3 is the least principal 







caused  by  the  movement  of  individual  points  within  a  solid  body,  a  vector  quantity  called  a 
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plates  (see  Fig.  2.3).  The  movement  and  interaction  of  these  plates  at  their  boundaries  results  in 
tectonic  stresses  and  ultimately  the  deformation  of  the  crust.  The  three  most  important  tectonic 
stresses that result in crustal deformation are (1) ridge push, a compressive stress that acts normal to 
the ridge axis (2) slab pull, a tensile stress that acts normal to the trench axis and (3) trench suction, a 
tensile  stress  that  pulls  the  overriding  plate  towards  the  trench.  Deformation  occurs  where  these 
tectonic stresses exceed the lithostatic stress present in a unit volume of crust. The magnitudes of these 
tectonic stresses are estimated at 20‐30 MPa, 0‐50 MPa and 20 MPa respectively. The World Stress Map 
Project  (WSMP)  has  compiled  in  situ  stress  measurements  from  borehole  breakouts,  hydraulic 
fracturing, style of active faulting, volcanic alignment, seismic focal mechanisms and transform fault 
azimuths  from  all  over  the  world  (Fig.  2.3).  In  several  plates,  the  maximum  horizontal  stress  is 
subparallel to the direction of absolute plate motion. It has been suggested that the forces driving the 


















Pp  increases  linearly  using  the  following  relationship,  where ρ w  is  the  density  of  water,  g  is  the 
acceleration due to gravity and z is depth. However, this is an oversimplification of the relationship 54 
 
between  Pp  and  depth  (see  Chapter  Three  for  a  comprehensive  report  on  the  influence  of  Pp  on 
deformation). 
 












































































































The  system  involves  a  crack,  of  length  2C,  within  an  elastic  body,  which  is  loaded  by  an  external 
boundary force, σ. The small extension in crack length, δC, is a result of the work, W, exerted by the 
external  boundary  force.  This  results  in  a  change  in  the  internal  stain  energy,  Ue,  and  an  energy 
expenditure, Us. Therefore, the total energy for a static crack, U, within the system will be: 
 










 U =U m +U s   [2.14] 
 
If  the  cohesion  between  the  incremental  extension  surfaces  (δC)  were  removed,  the  crack  would 
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Obreimoff  [1930],  to  further  illustrate  the  applicability  of  Griffith’s  [1920;  1924]  thermodynamic 
approach, performed experiments on the cleavage strength of mica [Obreimoff, 1930]. In contrast to 
Griffith’s  formulation,  the  experiments  of  Obreimoff  [1930]  led  to  the  study  of  stable  crack 




































in  a  state  of  equilibrium.  This  is  because  the  crack  advanced  only  as  far  as  the  wedge  advanced. 



















development  of  frictional  forces  along  the  crack  surfaces  [McClintock  and  Walsh,  1962;  Murrell, 
1963;1964; Murrell and Digby, 1970]. McClintock and Walsh [1962] calculated the conditions for crack 















































Approximations  to  the  crack‐tip  stress  and  displacement  fields,  assuming  that  the  crack  in  planar, 
perfectly sharp and there is no cohesion between the crack walls, can be expressed as: 
 

















































extension  force,  G,  are  different  depending  on  the  mode  of  displacement  and  are  written  as,  for 
example, KI, KII and KIII. 
 




























This  condition  is  known  as  a  criterion  of  failure,  where  the  function  f  represents  at  least  one 
characteristic of the material in question. 
 


























Experiments  are  the  bread  and  butter  for  understanding  rock  physics.  Many  different  types  of 
experimental methods exist to investigate the multitude of factors that influence rock deformation and 
























































2008]  all  increase  (see  Fig.  2.13b)  with  increasing  dilatancy.  During  this  region,  the  distribution  of 
microcracking  is  distributed  throughout  the  sample;  although,  there  is  usually  some  anisotropy 















































































This  phenomenon  is  also  referred  to  as  the  onset  of  dilatancy  and  is  termed  C’  (Fig.  2.16). 







compaction  with  respect  to  the  ‘hydrostat’  (Fig.  2.16).  When  hydrostatic  deformation  is  continued 



























Haimson  and  Chang  [2000]  performed  numerous  true  triaxial  experiments  on  Westerly  granite  to 
investigate the influence of σ2 on peak stress (Fig. 2.17). In general, the peak value of σ1 increases as σ2 
is  increased  for  a  constant σ 3  in  the  case  of  brittle  shear  fractures.  However,  there  is  no  general 






















 τ =50 +0.6σ (for 200 < σ < 1700 MPa)   [2.29] 
 
The friction between two sliding interfaces can also lead to the formation of gouge. Gouge is nearly 




















































































the  swelling  of  clay  minerals  and  precipitation  of  hydrothermal  fluids,  (3)  the  development  of 
























































































During  an  undrained  test  the  pore  fluid  the  rock  sample  is  isolated  from  an  external  pore  fluid 


























together  and  increase  cohesion  hence  weakening  the  rock  [Delage  et  al.,  1996].  Typically,  dry  and 






















microcracks  remain  stable  (quasi‐static).  This  traditional  fracture  mechanics  approach  has  been 
successfully used to predict failure caused by microcrack propagation in metals, ceramics and glasses. 
Failure predictions are also good for rock subjected to short‐term loading; however, during long‐term 
loading,  predictions  are  not  so  reliable.  This  is  especially  true  if  there  is  an  abundance  of  an 
environmental agent or active species (commonly water) or elevated temperatures. In this scenario, and 
even  despite  values  of  K  and  G  well  below  the  critical  thresholds,  the  rate  of  microcrack  growth 
becomes substantial due to a mechanism known as subcritical crack growth. Subcritical crack growth has 




competing  processes.  Such  mechanisms  are  environment‐dependent  and  are  influenced  by  the 
presence of a chemically active pore fluid. For crustal rock, this is most commonly water. Therefore the 
prevalent  process  depends  heavily  on  the  chemical  and  environmental  conditions.  A  number  of 





























































process  will  appear  as  quasi‐static  subcritical  crack  growth,  favoured  by  low  strain  rates  and  high 95 
 
homologous  temperatures.  Microplasticity  may  be  an  important  mechanism  of  crack  extension  in 
silicates and could potentially result in subcritical crack growth [Atkinson, 1982], as long as homologous 
temperatures  and  structurally  bound  water  concentrations  are  high  enough.  However,  electron 
microscopy  analysis  of  quartz  shows  that  there  is  no  significant  plastic  flow  at  crack  tips  during 
chemically enhanced subcritical crack growth [Martin and Durham, 1975; Dunning et al., 1980]. For 
























































dissociative  reaction  rate.  This  results  in  a  plateau  in the  crack  velocity,  since  increasing the stress 
intensity further does not influence the diffusion of the active species to the crack tip, and signifies the 




































































































































given  value  of  stress  intensity,  the  crack  velocity  increases  as  the  hydroxyl  (OH
‐)  concentration  is 
increased (Fig. 3.14a). This agrees with the theory of stress corrosion (explained in terms of a silica‐





































































experimental  timescales  and  uncertainty  in  the  threshold  value,  such  conditions  have  proved  very 










































































1997;  Main,  2000  for  example,  amongst  others].  The  three  stages  of  the  creep  curve  have 
conventionally been described as (1) primary or decelerating creep, (2) secondary or steady‐state creep, 
and (3) tertiary or accelerating creep (Fig. 3.17). It is likely however that this does not represent three 














































































































AE  hypocenters  occurred  as  early  as  the  primary  creep  stage.  After  the  primary  creep  stage  they 
observed that AE events were concentrated onto one of the clusters, whilst activity at the other clusters 
gradually  decayed.  During  tertiary  creep  and  just  prior  to  failure,  their  AE  events  localized  at  the 









































Peff  could  decrease  the  rate  at  which  corrosive  agents  can  reach  crack  tips  and  also  decrease  the 
interaction of cracks prior to the onset of acceleration to failure. However, one of the limitations of the 
work of Kranz [1980] is that only dry samples were used; therefore they were performed in the absence 







decrease  in  creep  strain  rates.  Ngwenya  et  al.  [2001]  performed  stress‐stepping  brittle  creep 119 
 
experiments on three sandstones of varying physical properties. They found that the influence of Peff is 

















































specific  temperature.  Typically  n  varies  experimentally  between  20‐50  for  crack  growth  by  stress 
corrosion in ceramic materials and rocks [Atkinson, 1984; Atkinson and Meredith, 1987]. Charles’ power 









2000]  that  invokes  a two  stage process:  (1)  a phase of  strain  hardening  involving  distributed  crack 










to  volcanic  eruptions  show  both  power  law  and  exponential  accelerations  with  time  [Voight, 
1988;1989], is shown to be theoretically consistent with a stress corrosion process at constant boundary 
stresses  [Main,  2000]  and  exactly  predicts  the  modified  form  of  Omori’s  law  for  aftershock  and 
foreshock sequences. 
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Andrade  creep  is  usually  explained  in  terms  of  strain  increments  that  are  each  triggered  by  a 






















4. Details of the Testing Equipment, the Acquisition of 











































The  sample  assembly  for  the  uniaxial  compression  apparatus  is  shown  in  Fig.  4.2.  The  uniaxial 
compression apparatus can be set up to record a number of auxiliary measurements. Axial displacement 





















































and  4.4).  The  crosshead  is  controlled  independently  from  the  actuator  piston  using  a  hydraulic 
clamping/unclamping  mechanism.  The  hydraulic  actuator  piston  that  applies  the  axial  load  during 
experimentation via the top ram can achieve a maximum compressive load of 1.5 MN (approximately 
150 tonnes) on 40 mm diameter samples and is capable of moving in both down (load) and up (unload) 
















































































to  either  the  National  Instruments  data  acquisition  card  or  an  AE  recording  system  (see  4.4 
Measurement and data logging), depending on the type of relayed information. The UTLEM cone is 
responsible for providing a seal for the coaxial cables and the plug is sealed using a standard o‐ring and 














































The  confining  pressure  exerts  a  hydrostatic  pressure  on  the  rock  sample  during  deformation.  The 
confining medium used in this study was a silicone oil of viscosity 100 cS (purchased from Dow Corning 
Limited) and was used due to its low coefficient of volume expansion, high boiling point (150°C) and the 
















applied  stresses  on  the  rock.  The  pore  fluid  (distilled  water)  is  introduced  to  the  sample,  via  high 













































































constant  75°C.  The  experimental  protocol  for  this  was  to  increase  the  Pc  to  28  MPa  before  the 
application of a Pp of 20 MPa. The sample was then left exposed to these pressures overnight. The 
furnace was then set to a target temperature of 105°C, the ramp generator to 5 °C/minute and the 
ramping  program  was  initiated.  The  increasing  temperature  will  slowly  increase  the  Pc,  due  to  the 
expansion of the oil, up to approximately 50 MPa. At this point the value isolating the confining pressure 
intensifier was opened to allow the Pc to be adjusted to and held at exactly 50 MPa. To allow the 





































characteristics,  AE  energy  and  hits  and  AE  location  data.  The  Vallen  AMSK‐5  was  also  setup  to 
simultaneously record parametric data. Low‐level signals from the piezo‐electric crystals (see 4.3.4.1 The 














larger  events.  The  event  duration  is  simply  defined  as  the  time  between  when  the  waveform  first 148 
 






















































































The  thermocouples  inside  the  furnace  control  the  heating  coils  and  therefore  only  measure  the 
temperature next to the coils. However, due to convection, the temperature of the oil and inside the 
sample  will  be  different  to  that  of  the  heating  coils.  It  was  essential  therefore  to  ascertain  the 






















During  the  calibration  experiments,  the  furnace  was  heated  to  80,  90,  96  and  105°C  and  the 
temperature from the six thermocouples (three within the sample and three within the oil) recorded 
(Fig. 4.14). Fig. 4.14 shows a plot of the furnace temperature against the average measured sample 
temperature.  Using  this  plot,  the  temperature  of  the  sample  can  be  estimated  from  the  furnace 
temperature. The knowledge of the oil temperature at such target temperatures was also important and 
was  used  to  double‐check  the  temperature  within  the  sample  during  experimentation.  The  oil 154 
 


























temperature,  the  temperature  within  both  the  sample  and  oil  reached  a  maximum  after  about  50 
minutes and then began to stabilize. It was therefore decided that, during the normal running of an 




































































Firstly,  an  orientation  system  using  orthogonal  X‐,  Y‐  and  Z‐axes  to  define  a  common  co‐ordinate 
reference system was devised to be used throughout this study (Fig. 5.1). Since DDS does not show any 
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M wet @M arch



















































Agilent Technologies 1.5GHz  ‘Infiniium’  digital  storage oscilloscope,  a  JSR  DPR300 35MHz  ultrasonic 

























V max @V min
V mean


































Vp  3.332  0.173  5.45  7.43  3.49  Dry 
Vs 
 
2.236  0.164  9.04  10.92  5.39 
Vp  3.596  0.193  5.52  7.42  4.60  Saturated 

























Vp  3.599  0.008  0.417  0.445  0.361  Dry 
Vs 
 
2.145  0.007  0.464  0.465  0.558 
Vp  3.679  0.007  0.321  0.345  0.326  Saturated 


































the  samples  were  then  vacuum‐saturated  for  12  hours  for  DDS  and  24  hours  for  EB  with  a  highly 
susceptible ferrofluid EMG‐905, comprising of a colloidal suspension of nano‐particles (10 nm mean 
diameter) of magnetite in a light mineral oil carrier fluid. The nano‐particles are coated with a stabilizing 







It  is  of  paramount  importance  to  ensure  that  the  ferrofluid  remains  in  the  pore  space  during  the 
measurement process. Not only to produce the most accurate dataset possible but any contamination 
of the ferrofluid into the KLY‐2 susceptibility bridge would be potentially very detrimental to future 







































































































   Max  Int  Min  F  L  (A %) 
mAMS              
Average  37.75  1.015  1.008  0.976  1.033  1.007  3.92 
Standard deviation  1.55  0.003  0.004  0.004  0.007  0.005  0.53 
Minimum  35.21  1.011  1.004  0.973  1.022  1.000  2.80 
Maximum 
 
39.88  1.022  1.013  0.983  1.044  1.017  4.79 
pAMS              
Average  45558  1.011  1.005  0.984  1.022  1.005  2.66 
Standard deviation  8683  0.002  0.001  0.002  0.002  0.002  0.30 
Minimum  31370  1.008  1.004  0.982  1.018  1.003  2.41 























within  the  rock.  The  average  for  the  tAMS  data  lies  almost  on  the  lineation  equals  foliation  line 181 
 
confirming that the void space, the network of thermal cracks [Vinciguerra et al., 2005], is isotropic. The 
anisotropy  factor  derived from  the  AMS  data,  (using  Equation  [5.2])  is presented  in  Table  5.7.  The 












   Max  Int  Min  F  L  (A %) 
mAMS              
Average  48964  1.010  1.001  0.990  1.011  1.009  2.02 
Standard deviation  5745  0.003  0.001  0.002  0.003  0.004  0.52 
Minimum  41920  1.007  0.998  0.987  1.006  1.005  1.49 
Maximum 
 
56230  1.015  1.002  0.992  1.016  1.017  2.84 
pAMS              
Average  103990  1.011  1.003  0.986  1.018  1.008  2.57 
Standard deviation  10842  0.004  0.002  0.004  0.004  0.005  0.80 
Minimum  92370  1.008  1.002  0.985  1.014  1.003  2.07 


















Darley Dale sandstone  Maximum  3.484  28.8  0.1 




Etna basalt  Maximum  3.600  87.1  63.1 
  Intermediate  3.598  359.2  1.1 



























quartz  grains  have  been  welded  to  their  neighbours  or  even  penetrate  them  slightly)  and  has  no 
discernable  preferred  alignment  of  grains  (Figs.  5.16a,  5.16b  and  5.16c).  The  sediment  is  poorly‐
cemented so that a substantial pore space remains and grains are easily identifiable and contain very 
little clay overgrowth (Fig. 5.16c). Even in an undeformed state, intragranular microcracks (present as 



























Vp  3.327  0.118  5.44  4.95  2.51  Dry 
Vs 
 
2.165  0.034  4.37  3.74  2.50 
Vp  3.627  0.175  4.71  4.56  2.98  Saturated 
























































Vp  2.965  0.148  22.36  20.53  0.97  Dry 
Vs 
 
1.941  0.039  8.83  9.33  1.71 
Vp  4.065  0.150  16.73  15.06  0.95  Saturated 















high  birefringence  in  XPL  (high  2
nd  and  3
rd  order  interference  colours).  Olivine  grains  are  heavily 
traversed by randomly orientated microcracks. The pyroxene show yellow‐brown interference colours in 
XPL. The porosity of the SB used in this study, measured using the method outlined in 5.4 Porosity 



























































23.4 ± 1.2  13.3 ± 0.8  3.3 ± 0.17  4.3 ± 0.20  6.7 ± 0.26 
Grain size (μm) 
 









































































































with  a  third‐order  polynomial  (Fig.  6.1).  This  polynomial  was  then  differentiated,  thus  allowing  the 196 
 
gradient of the curve i.e. static Young’s modulus to be calculated for each data point. The quasi‐linear 
































































Fig.  6.4  shows  the  calculated  values  of  Young’s  modulus  and  Poisson’s  ratio  plotted  against  cycle 
number. The elastic response to cyclic stressing is similar for dry and wet samples of EB. In both cases, 200 
 











































that  had  failed  after  13  increasing‐amplitude  stress  cycles.  Together  with  a  large  number  of 












































































































preferred  axial  (Z‐axis)  orientation  (for  details  on  directional  information  see  5.2.2  Orientation  of 
samples).  The  preferred  axial  orientation  of  microcracks  is  likely  to  be  due  to  the  absence  of 


































































Similar  to  EB,  large  transgranular  microcracks  could  also  be  found  within  samples  of  SB  that  had 
undergone increasing‐amplitude stress‐cycling (Fig. 6.16). The large microcracks present in SB also show 









































































































7. Discussion of the Influence of Crack Damage on Rock 























































Darley Dale sandstone (dry) ‐ 15  +600  0.35 
Darley Dale sandstone (wet) ‐ 17  +370  0.29 





























Poisson’s  ratio.  By  contrast,  when  the  stress  is  high  enough  to  generate  new  cracks,  these  are 
preferentially oriented parallel to the applied stress (i.e. axially). They therefore open easily when stress 
is re‐applied on the next loading cycle, leading to a high radial strain and a high Poisson’s ratio. This is 














































However,  large  changes  in  elastic  wave  velocities  are  also  observed  in  volcanic  rocks  upon  the 


















Elastic  moduli  are  the  key  parameters  for  defining  relationships  between  stress  and  strain.  They 







Activity  on  Mt  Etna  volcano,  for  example,  may  be  divided  into  (1)  persistent  activity  with  episodic 
paroxysmal  events,  which  generally  occurs  at  or  near  the  summit  and  is  not  preceded  by  seismic 
precursors [e.g. Lombardo and Cardaci, 1994], and (2) cycles of hazardous flank eruptions [Guest, 1982], 
which are preceded by intense seismic activity [Castellano et al., 1997; Vinciguerra et al., 2001], often 
including  shallow  destructive  earthquakes  [Azzaro  et  al.,  2000],  which  indicates  the  acceleration  of 
brittle failure mechanisms [Patanè et al., 2004]. Over the last 20 years, new technological developments 





references therein].  The cycles  evolve  from initial  recharging  of  the  plumbing  system  and  inflation, 
followed by powerful summit eruptions [Behncke and Neri, 2003; Andronico et al., 2004] and slow 
spreading  of  the  eastern  to  southern  flanks,  to  a  sequence  of  flank  eruptions  accompanied  by 
accelerated flank displacement [Burton et al., 2005]. In this framework, pre‐eruptive patterns defined 
from seismic fault plane solutions and deformation events [Bonaccorso et al., 1996; Patanè et al., 2003; Patanè et al., 















Above  this  temperature  both  strength  and  elastic  modulus  are  observed  to  decrease  even  further 





























decreased  somewhat,  then  it  is  likely  that  the  classic  manifestation  of  the  Kaiser  effect  would  be 
observed. 
 











































































































volcanic  edifice.  Recent  studies  have  suggested  that  the  elastic  heterogeneities  of  the  medium 
significantly alter the position of the inferred source, not the topography [Trasatti et al., 2008]. Previous 
studies at Mt Etna, Italy, assume values of Young’s modulus ranging from 50‐100 GPa and a Poisson’s 















tens  of  metres)  can  be  investigated.  This  scenario  is  indeed  true  for  the  volcanic  edifice  setting 































































































This  chapter  reports  results  from  a  systematic  experimental  study  of  brittle  creep  in  Darley  Dale 
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DD‐40‐33Z  10  30  20  103  0.8 
DD‐40‐05Z  30  50  20  152  1.25 





















































































































































































































































































































































































































































































































































































However,  it  is  intuitive that,  during  the  secondary creep phase,  the  sample microstructure  will not 











































DD‐40‐40Z  30  75  3.7 x 10
‐9  12960 
DD‐40‐22Z  30  80  1.3 x 10
‐8  3600 
DD‐40‐45Z  30  85  1.0 x 10
‐7  160 







Table  8.3  shows  the  relative  durations  spent  in  each  of  the  three  creep  curve  phases  for  the 
conventional creep experiments on DDS spanning creep strain rates of three orders of magnitude and 















‐1)  (minutes)  (%)  (minutes)  (%)  (minutes)  (%) 
DD‐40‐40Z  3.7 x 10
‐9  1800  14  9000  69  2160  17 
DD‐40‐22Z  1.3 x 10
‐8  600  17  2400  67  600  17 
DD‐40‐45Z  1.0 x 10
‐7  30  19  90  56  40  25 
DD‐40‐19Z  3.5 x 10
























To  explore  the  lower  limit  of  the  creep  strain  rate  realistically  achievable  in  the  laboratory,  a 
conventional creep experiment was also performed at approximately 75% of σp (Fig. 8.15). During this 
experiment, the axial strain demonstrated trimodal behaviour similar to the experiments shown in Fig. 































































































Undeformed  0.41  0.38  0.81  0.08 
Onset of tertiary creep at 1.7 x 10
‐7 s
‐1  0.59  0.45  1.11  0.27 
Onset of tertiary creep at 1.4 x 10
‐6 s
‐1  0.53  0.42  1.00  0.24 














































































DD‐40‐15Z  50  20  30  20  45.73  0.342  0.996  0.997 
DD‐40‐44Z  50  20  30  20  44.59  0.331  0.997  0.999 
DD‐40‐45Z  50  20  30  20  44.00  0.344  0.994  0.996 
DD‐40‐28Z  30  20  10  20  52.68  0.691  0.988  0.984 
DD‐40‐32Z  70  20  50  20  37.24  0.210  0.988  0.989 
DD‐40‐35Z 
 




























































Creep  stain  rates  were  determined  as  outlined  previously  in  this  chapter;  however,  during  stress‐
stepping creep experiments it could be possible to investigate the evolution of creep strain rate with 
respect  to  differential  stress  as  a  function  of  constant  permanent  strain  i.e.  under  a  constant 
microstructure. This can be achieved by plotting the first derivative of the entire strain – time curve for a 
stress‐stepping experiment. However, the secondary creep phase has been shown to exhibit a very 
































































































































9. Time-dependent Deformation: the Influence 












temperature  on  creep  strain  rate  in  a  suite  of  sandstones  under  triaxial  stress  conditions.  The 
investigated  materials  are  introduced  and  the  experimental  techniques  explained.  The  influence  of 






All  experiments  were  performed  in  the  servo‐controlled  triaxial  rock  deformation  apparatus  (see 
Chapter  Four,  section  4.3  The  triaxial  deformation  ensemble)  situated  in  the  Rock  &  Ice  Physics 
Laboratory (RIPL) at University College London. Axial strain was continuously monitored using LVDT 
displacement  transducers,  and  porosity  change  was  measured  continuously  by  means  of  a  servo‐


































































Darley Dale sandstone  50  20  155  146  9  20  1.35 
Bentheim sandstone  50  20  136  130  9  20  1.7 
Crab Orchard 
sandstone 






































similar.  In  all  cases,  the  steady‐state  creep  strain  rate  increases  significantly  and  non‐linearly  with 
increasing differential stress. The creep strain rate from the conventional creep experiment performed 
on DDS at a temperature of 75°C (as in Fig. 9.2) is also plotted on Fig. 9.3b as on open triangle. Fig. 9.2b 


















































DD‐40‐15Z  50  20  30  20  45.57  0.342  0.996  0.997 
DD‐40‐53Z  50  20  30  75  19.07  0.169  0.993  0.992 
BH‐40‐05Z  50  20  30  20  62.37  0.498  0.999  0.998 
BH‐40‐10Z  50  20  30  75  19.70  0.198  0.997  0.995 
COS‐40‐03Z  50  20  30  20  74.47  0.194  0.981  0.980 








































1.  Constant  strain  rate  (1.0  x  10
‐5  s






































at  University  College  London.  Axial  strain  was  continuously  monitored  using  LVDT  displacement 





































of  cracking  and  any  changes  in  crack  morphology  caused  by  stress  corrosion  cracking  during  the 292 
 
secondary creep phase. During these experiments, samples of EB were allowed to deform under the 














































































EB‐40‐07Z  10  30  20  291  20  1.35 























































































































































































































































































































































































































































































































































































































































































































































































































































































EB‐40‐16Z  30  90  2.4 x 10
‐9  4500 
EB‐40‐14Z  30  92.5  4.0 x 10
‐8  270 
EB‐40‐15Z  30  95  4.1 x 10
‐7  25 






















‐1)  (minutes)  (%)  (minutes)  (%)  (minutes)  (%) 
EB‐40‐16Z  2.4 x 10
‐9  1000  22  2700  60  800  18 
EB‐40‐14Z  4.0 x 10
‐8  60  17  165  61  45  17 
EB‐40‐15Z  4.1 x 10
‐7  5  20  15  60  5  20 
EB‐40‐17Z  2.7 x 10






























































































EB‐40‐04  50  20  30  20  29.19  0.0886  0.995  0.994 
EB‐40‐05  50  20  30  20  32,04  0.1024  0.999  0.997 
EB‐40‐06  50  20  30  20  31.09  0.0958  0.999  0.998 
EB‐40‐10  30  20  10  20  60.56  0.2400  0.992  0.992 
EB‐40‐11  70  20  50  20  25.65  0.0590  0.996  0.997 
EB‐40‐23 
 































































































































































































































thermally‐cracked  basalt  are  strongly  dependent  on  the  applied  differential  stress;  an  observation 















































































































































DD‐40‐40Z  30  75  3.7 x 10
‐9  12960 
DD‐40‐22Z  30  80  1.3 x 10
‐8  3600 
DD‐40‐45Z  30  85  1.0 x 10
‐7  160 













EB‐40‐14Z  30  92.5  4.0 x 10
‐8  270 
EB‐40‐15Z  30  95  4.1 x 10
‐7  25 


















Meredith  [1997]  support  this  observation  and  reported  that  a  critical  level  of  volumetric  strain  (as 









































































deformation  [e.g.  Baud  and  Meredith,  1997].  However,  this  may  merely  highlights  the  difficulty  of 


















































11.4).  Fig.  11.4  shows  that  the  creep  behaviour  of  the  different  rock  types  is  remarkably  similar, 















creep  in  different  sandstones  have  also  shown  that  four  sandstones  of  contrasting  petrophysical 























































































































































































convergence  of the three  curves  (Fig.  11.9a),  at  about  180 MPa  and  9  x  10
‐13  s
‐1.  For DDS,  such  a 
convergence occurs at extremely low stresses and creep strain rates (Fig. 11.9b). The convergence of 
such curves would suggest that, at this point, the influence of Peff on creep strain rate is negligible. 
































weakening  is  systematic  and  larger  than  any  difference  expected  from  sample  variability.  Previous 
studies,  reviewed  in  Paterson  and  Wong  [2005],  have  also  consistently  demonstrated  systematic 















































































































































for  stress  corrosion  driven  propagation  of  single  cracks  in  double‐torsion  fracture  mechanics 
experiments  [Atkinson  and  Meredith,  1981;  Meredith  and  Atkinson,  1982].  The  curves  meet  at  a 
differential  stress  of  162  MPa  and  a  strain  rate  of  1  x  10
‐3  s








































DD‐40‐15Z  50  20  30  20  45.40  0.335  0.996  0.997 
DD‐40‐54Z  50  20  30  45  24.71  0.200  0.986  0.986 













































































‐1)  (minutes)  (%)  (minutes)  (%)  (minutes)  (%) 
DD‐40‐40Z  3.7 x 10
‐9  1800  14  9000  69  2160  17 
DD‐40‐22Z  1.3 x 10
‐8  600  17  2400  67  600  17 
DD‐40‐45Z  1.0 x 10




‐6  2.5  25  6.5  65  1  10 
EB‐40‐16Z  2.4 x 10
‐9  1000  22  2700  60  800  18 
EB‐40‐14Z  4.0 x 10
‐8  60  17  165  61  45  17 
EB‐40‐15Z  4.1 x 10
‐7  5  20  15  60  5  20 
EB‐40‐17Z  2.7 x 10















mechanism  considered  most  likely  to  be  responsible  for  the  time‐dependent  precursory  cracking, 
displacement  and  accelerating  seismic  activity  that  commonly  precedes  volcanic  eruptions  [Voight, 


























Studies  on  the  compressive  failure  of  ceramics  (silicon  carbide,  silicon  nitride  and  alumina)  have 




































































































is  the  fact  that  Equation  [3.9]  is  based  on  mean‐field  damage  mechanics  that  considers  only  the 





crack  porosity.  To  incorporate  the  potential  additional  pore  closure  mechanism,  the  data  from  the 
experiments on DDS are re‐fitted with Equation [3.9] but allowing ΩI and ΩIII to vary independently 
(called modified Main [2000] power law). This is more consistent with the experimental data (Fig. 11.17) 

































strain  rates  achievable  in  the  laboratory,  it  is  impossible  to  distinguish  between  the  two  models 































































































































‐6  0.0190  2.1090  0.2200  456.2  0.360  0.0100 
EB‐40‐15Z  4.1 x 10
‐7  0.0008  2.1267  0.0057  6275.9  0.500  0.0042 
EB‐40‐14Z  4.0 x 10
‐8  0.0021  2.1027  0.0240  88234.4  0.375  0.0032 
EB‐40‐16Z  2.4 x 10










































R  is  the  gas  constant  and  H  is  the  apparent  activation  enthalpy  for  flow.  A  flow  law  allows  the 
relationship between creep strain rate and each of the independent variables to be investigated, whilst 
all the others remain constant. A single flow law for both DDS and EB will now be discussed in turn; 
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The results of the flow law fitting are shown in Fig. 11.21. For DDS (Fig. 11.21a), it can be seen that the 
fit  for  the  20°C  is  very  good;  however,  as  temperature  is  increased  the  fit  of  the  flow  law  to  the 
experimental data diminishes. The change in gradient in the experimental data curves suggest that H 
varies with stress or strain rate. Therefore, over the temperature range of the experiments, the relative 


























































brittle  deformation)  recorded  over  more  than  thirty  years  indicate  the  continuous  accumulation  of 
permanent strain at rates that vary through both time and space within the edifice [Patanè et al., 2004; 






Care  is  needed  to  ensure  that  signals  are  associated  with  rock  volumes  that  experience  loading 




the  observed  deformation  patterns  are  dominated  by  the  time‐dependent  material  response  to  a 
constant stress (creep) or a constant loading rate with time‐varying stresses. The relationship between 
strain  and  acoustic  emission  properties  in  controlled  laboratory  tests  of  homogeneous  samples  is 






deformation  may  be  more  likely  to  reflect  the  aggregate  of  deformation  of  many  heterogeneous 
elements, all undergoing brittle creep, but with different material properties and subject to local stress 



























fatigue  may  also  determine  eruption  frequencies  at  volcanoes  persistently  charged  with  high‐level 
magma, such as Etna or Stromboli [McGuire and Kilburn, 1997]. As McGuire and Kilburn [1997] note: 

























































Stress  corrosion  is  also  considered  an  important  factor  in  time‐dependent  earthquake  phenomena 
[Scholz, 1968a; Scholz, 1972; Rudnicki, 1980; Das and Scholz, 1981; Atkinson, 1982; Crampin et al., 1984; 




demonstrate  that  a  time‐dependent  mechanism  must  be  involved  in  the  earthquake  rupture 
mechanism. Furthermore, their model based on standard fracture mechanics assumes that the crack tip 
can  extend  sub‐critically  by  stress  corrosion.  Crampin  et  al.  [1984]  suggested  that  subcritical  crack 






















The  corresponding  increase  in  effective  vertical  stress  is  30  MPa,  and  in  both  effective  horizontal 
stresses is 10 MPa (assuming isotropy and a Poisson’s ratio of 0.25). Therefore the increase in effective 
mean stress is 16.7 MPa, and in differential stress is 20 MPa. Using these figures together with the 






























































suggest  that  such  cracking  may  occur  down  to  stresses  as  low  as  20%  of σ p,  implying  that  time‐
dependent cracking will continue to be an important deformation mechanism over geological time and 
at  typical  tectonic  strain  rates.  Therefore,  further  evaluation  over  a  wider  range  of  strain  rates  is 
essential, both to examine the generality of the laboratory observations across the temporal scales of 









growth  [e.g.  Atkinson  and  Meredith,  1981].  Since  rock  failure  under  compression  proceeds  by  the 

















































It  is  therefore  concluded  that  no  further  crack  damage  is  created  during  these  cycles.  This 
suggests that, in nature, only those stress episodes that are accompanied by volcano‐seismicity 
will result in extra damage to the edifice and lead to changes in elastic moduli and seismic 
velocities.  This  suggestion  is  in  agreement  with  the  results  of  long‐term  seismological 
monitoring  at  Mt.  Etna  volcano  [Lombardo  and  Cardaci,  1994;  Bonaccorso  et  al.,  1996; 
Bonaccorso et al., 2004].  
 
3.  The  influence  of  thermal  cracking  on  the  elastic  moduli  evolution  of  EB.  The  slow  thermal 
stressing of EB samples to 900°C does not result in any increase in crack damage or degradation 
of  elastic  moduli.  These  observations  are  entirely  in  agreement  with  the  experimental 





























suggestion  that  AE  clustering  might  commence  during  the  latter  part  of  secondary  creep 
appears to conflict with the idea of a critical damage threshold for the onset of tertiary creep 






each  case,  the  creep  strain  rate  has  a  crucial  influence  on  the  creep  strain  rate.  Subtle 
differences  do  exist  however.  The  sensitivity  of  creep  strain  rate  to  an  increase  applied 
differential stress is greater in the sandstones than basalt. This is interpreted in terms of the 
high  crack  velocity  of  quartz  compared  to  other  geological  materials,  as  per  previous  DT 
experiments.  The  same  interpretation  holds  for  the  three  sandstones  studied,  the  higher 
proportion of quartz the higher the ‘creep sensitivity’ to the applied differential stress. The 
proportion of the short‐term peak stress (σp) at which a sample creeps at a given creep strain 
rate  however  is  greater  for  the  low  porosity  samples  (EB  and  COS)  than  the  high  porosity 
samples (DDS and BHS). 
 














Indeed,  for  a  given  applied  differential  stress,  creep  strain  rate  is  some  three  orders  of 
magnitude greater at 75°C than at 25°C for both DDS and BHS. This is interpreted in terms of the 
substantial  increase  in  crack  velocity  for  an  increase  in  temperature  in  DT  experiments  on 








between  two  ‘end‐member’  rock  types  and  over  three  orders  of  magnitude,  that  this 
observation could be used as a tool to predict rock failure. 
 















flow’  in  rocks  at  a  constant  stress,  effective  confining  pressure,  pore  fluid  pressure, 
temperature, strain rate and microstructure is a useful goal. Therefore, data can be extrapolated 
to natural strain rates. For DDS, the flow law fit for the experimental data at 20°C is very good; 



































Aki, K. and P. G. Richards (2002), Quantitative Seismology (Second Edition), University Science Books, 
California. 
Allard, P., B. Behncke, S. D'Amico, M. Neri and S. Cambino (2006), Mount Etna 1993–2005: Anatomy 
of an evolving eruptive cycle, Earth Science Reviews, 78, 85-114. 
Alm, O., L. Jaktlund and K. Shaoquan (1985), The influence of microcrack density on the elastic and 
fracture mechanical properties of Stripa granite, Phys. Earth Planet. Int., 40, 161-179. 
Alparone, S., D. Andronico, S. Giammanco and L. Lodato (2004), A multidisciplinary approach to detect 
active pathways for magma migration and eruption at Mt. Etna (Sicily, Italy) before the 2001 and 
2002–2003 eruptions, J. Geophys. Res., 136, 121-140. 
Anderson, D. L., B. Minster and D. Cole (1974), The effect of orientated cracks on seismic velocities, J. 
Geophys. Res., 79, 4011-4015. 
Anderson, O. L. and P. C. Grew (1977), Stress Corrosion Theory of Crack Propagation with Applications 
to Geophysics, Rev. Geophys., 15, 77-104. 
Andrade, E. N. and R. F. Y. Randall (1949), The Rehbinder effect, Nature, 164, 1127. 
Andrade, E. N. C. (1910), On the Viscous Flow in Metals, and Allied Phenomena, Proc. Royal Soc. Lon., 
84, 1-12. 
Andrade, E. N. C. (1914), The Flow in Metals under Large Constant Stresses, Proc. Royal Soc. Lon., 90, 
329-342. 
Andronico, D., S. Branca, S. Calvari, M. Burton, T. Caltabiano, R. A. Corsaro, P. Del Carlo, G. Garfi, L. 
Lodato, L. Miraglia, F. Mure, M. Neri, E. Pecora, M. Pompilio, G. Salerno and L. Spampanato 
(2004), A multi-disciplinary study of the 2002–03 Etna eruption: insights into a complex 
plumbing system, Bulletin of Volcanology, 67, 314-330. 
Apuani, T., C. Corazzato, A. Cancelli and A. Tibaldi (2005), Physical and mechanical properties of rock 
masses at Stromboli: a dataset for volcano instability evaluation, Bull. Eng. Geol. Env., 64, 419-
431. 
Armitrano, D. and A. Helmstetter (2006), Brittle creep, damage, and time to failure in rocks, J. Geophys. 
Res., 111, doi: 10.1029/2005JB004252. 
Atkinson, B. K. (1979), A fracture mechanics study of subcritical tensile cracking of quartz in wet 
environments, Pageoph, 117, 1011-1024. 
Atkinson, B. K. (1979), A fracture mechanics study of subcritical tensile cracking of quartz in wet 
environments Pure Appl. Geophys, 117, 1011-1024. 
Atkinson, B. K. (1980), Stress corrosion and the rate-dependent tensil failure of a fine-grained quartz 
rock, Tectonophysics, 65, 281-290. 
Atkinson, B. K. (1982), Subcritical crack propagation in rock: theory, experimental results and 
applications, J. Struct. Geol., 4, 41-56. 
Atkinson, B. K. (1984), Subcritical crack growth in geological materials, J. Geophys. Res., 89, 4077-
4114. 
Atkinson, B. K. (1987), Fracture Mechanics of Rock, Academic Press, London. 
Atkinson, B. K. and P. G. Meredith (1981), Stress corrosion cracking of quartz: A note on the influence 
of chemical environment, Tectonophysics, 77(issue 1-2), 1-11. 
Atkinson, B. K. and P. G. Meredith (1987), The theory of subcritical crack growth with applications to 
minerals and rocks, in Fracture Mechanics of Rock, edited by B. K. Atkinson, pp. 111-166, 
Academic Press, London. 386 
 
Azzaro, R., M. S. Barbano, B. Antichi and R. Rigano (2000), Macroseismic catalogue of Mt. Etna 
earthquakes from 1832 to 1998, Acta. Vulcanol., 12 (1/2), 3-36. 
Babcock, E. A. (1978), Measurements of subsurface fractures from dipmeter logs, Am. Assoc. Pet. Geo. 
Bull., 62, 1111-1126. 
Baker, T. C. and F. W. Preston (1946), Wide range static strength testing apparatus for glass rods, J. Appl. 
Phys., 17, 162. 
Balme, M. R., V. Rocchi, C. Jones, P. R. Sammonds, P. G. Meredith and S. Boon, A. (2004), Fracture 
toughness measurements on igneous rocks using a high-pressure, high-temperature rock fracture 
mechanics cell, J. Vol. Geotherm. Res., 132, 159-172. 
Baud, P. and P. G. Meredith (1997), Damage accumulation during triaxial creep of Darley Dale sandstone 
from pore volumometry and acoustic emission, Int. J. Rock Mech. Min. Sci., 34:3-4, Paper No. 
024. 
Baud, P., V. Vajdova and T.-F. Wong (2006), Shear-enhanced compaction and strain localization: 
Inelastic deformation and constitutive modeling of four porous sandstones, J. Geophys. Res., 111, 
B12401, doi: 10.1029/2005JB004101. 
Baud, P., W. Zhu and T.-F. Wong (2000), Failure mode and weakening effect of water on sandstone, J. 
Geophys. Res., 105, 16371-16389. 
Behncke, B. and M. Neri (2003), Cycles and trends in the recent eruptive behaviour of Mount Etna 
(Italy), Canadian Journal of Earth Sciences, 40, 1405-1411. 
Bell, J. S. (2003), Practical methods for estimating in situ stresses for borehole stability applications in 
sedimentary basins, J. Pet. Sci. Eng., 38, 111-119. 
Bell, J. S. and D. I. Gough (1979), Northeast–southwest compressive stress in Alberta: evidence from oil 
wells, Earth Plan. Sci. Lett., 45, 475-482. 
Benson, P. M., P. G. Meredith and E. S. Platzman (2003), Relating pore fabric geometry to acoustic and 
permeability anisotropy in Crab Orchard Sandstone: A laboratory study using magnetic 
ferrofluid, Geophys. Res. Lett., 30, No. 19, doi: 10.1029/2003GL017929. 
Benson, P. M., P. G. Meredith, E. S. Platzman and R. E. White (2005), Pore fabric shape anisotropy in 
porous sandstones and its relation to elastic wave velocity and permeability anisotropy under 
hydrostatic pressure, Int. J. Rock Mech. Min. Sci., 42, 890-899. 
Benson, P. M., A. Schubnel, S. Vinciguerra, C. Trovato, P. G. Meredith and R. P. Young (2006), 
Modeling the permeability evolution of microcracked rocks from elastic wave velocity inversion 
at elevated isostatic pressure, J. Geophys. Res., 111, B04202, doi: 10.1029/2005JB003710. 
Benson, P. M., A. B. Thompson, P. G. Meredith, S. Vinciguerra and R. P. Young (2007), Imaging slow 
failure in triaxially deformed Etna basalt using 3D acoustic-emission location and X-ray 
computed tomography, Geophys. Res. Lett., 34, doi: 10.1029/2006GL028721. 
Benson, P. M., S. Vinciguerra, P. G. Meredith and R. P. Young (2008), Laboratory simulation of volcano 
seismicity, Science, 322, 249-252. 
Bernabé, Y. (1986), The Effective Pressure Law for Permeability in Chelmsford Granite and Barre 
Granite, Int. J. Rock Mech. Min. Sci. Geomech. Abstr., 23, No. 3, 267-275. 
Bernabé, Y. and W. F. Brace (1990), Deformation and fracture of Berea sandstone, in The Brittle–Ductile 
Transition in Rocks, edited by A. G. Duba, W. B. Durham, J. Handin and H. F. Wang, pp. 91-
101, American Geophysical Union Monograph 56,  
Berryman, J. G. (1992), Effective Stress for Transport Properties of Inhomogeneous Porous Rock, J. 
Geophys. Res., 97, No. B12, 17409-17424. 
Bieniawski, Z. T. (1967), Mechanism of brittle fracture or rock, Part II - Experimental studies, Int. J. 
Rock Mech. Min. Sci., 4, 407-423. 
Birch, F. (1960), The velocity of compressional waves in rocks to 10 kilobars, 1, J. Geophys. Res., 65, 
1083-1102. 
Birch, F. (1961), The velocity of compressional waves in rocks to 10 kilobars, 2, J. Geophys. Res., 66, 
2199-2224. 387 
 
Boitnott, G. N. and C. H. Scholz (1990), Direct Measurement of the Effective Pressure Law: Deformation 
of Joints Subject to Pore and Confining Pressures, J. Geophys. Res., 95, No. B12, 19279-19298. 
Bonaccorso, A. (2004), Mount Etna: Volcano Laboratory, edited by Bonaccorso, A., Calvari, S., Coltelli, 
M., Del Negro, C. and Falsaperla, S., American Geophysical Union Geophysical Monograph 143. 
Bonaccorso, A., S. D'Amico, S. Mattia and D. Patane (2004), Intrusive mechanisms at Mt. Etna 
forerunning the July-August 2001 eruption from seismic and ground deformation data, Pure Appl. 
Geophys, 161, 1469-1487. 
Bonaccorso, A. and P. M. Davis (1999), Models of ground deformation from vertical volcanic conduits 
with application to eruptions of Mount St. Helens and Mount Etna, J. Geophys. Res., 104, 10531-
10542. 
Bonaccorso, A., F. Ferrucci, D. Patane and L. Villari (1996), Fast deformation processes and eruptive 
activity at Mount Etna (Italy), J. Geophys. Res., 101, 17467-17480. 
Brace, W. F. (1964), Brittle fracture of rocks, in State of stress in the Earth's crust, edited by W. R. Judd, 
pp. Elsevier, New York. 
Brace, W. F. (1978), A Note on Permeability Changes in Geologic Material Due to Stress, Pure Appl. 
Geophys, 116, 627-633. 
Brace, W. F. and R. J. Martin (1968), A test of the law of effective stress for crystalline rocks of low 
porosity Int. J. Rock Mech. Min. Sci. Geomech. Abstr., 5, 415-426. 
Brace, W. F., B. W. Paulding and C. H. Scholz (1966), Dilatancy in the Fracture of Crystalline Rocks, J. 
Geophys. Res., 71, 3939-3953. 
Branca, S., D. Carbone and F. Greco (2003), Intrusive mechanism of the 2002 NE-Rift eruption at Mt. 
Etna (Italy) inferred through continuous microgravity data and volcanological evidences, 
Geophys. Res. Lett., 30, 2077. 
Brusca, L., A. Aiuppa, W. D. D'Alessandro, F. Parello, P. Allard and A. Michel (2001), Geochemical 
mapping of magmatic gas-water-rock interactions in the aquifer of Mount Etna volcano, J. Vol. 
Geotherm. Res., 108, 199-218. 
Burlini, L., S. Vinciguerra, G. Di Toro, G. De Natale, P. G. Meredith and J.-P. Burg (2007), Seismicity 
preceding volcanic eruptions: new experimental insights, Geology, 35, 183-186. 
Burton, M. R., M. Neri, D. Andronico, S. Branca, T. Caltabiano, S. Calvari, R. A. Corsaro, P. Del Carlo, 
G. Lanzafame, L. Lodato, L. Miraglia, G. Salerno and L. Spampinato (2005), Etna 2004–2005: 
An archetype for geodynamically-controlled effusive eruptions, 32, L09303, doi: 
10.1029/2005GL022527. 
Byerlee, J. (1967), Frictional Characteristics of Granite under High Confining Pressure, J. Geophys. Res., 
72, 3639-3648. 
Byerlee, J. (1978), Friction of rocks, Pageoph, 116, 615-626. 
Carbone, D. and F. Greco (2007), Review of Microgravity Observations at Mt. Etna: A Powerful Tool to 
Monitor and Study Active Volcanoes, Pure Appl. Geophys, 164, 769-790. 
Castellano, M., M. F. Bianco, S. Imposa, G. Milano, S. Menza and G. Vilardo (1997), Recent deep 
earthquake occurrencce at Mt. Etna (Sicily, Italy), Phys. Earth Planet. Int., 102, 227-289. 
Cayol, V. and F. H. Cornet (1998), Effects of topography on the interpretation of the deformation field of 
prominent volcanoes - Application to Etna, Geophys. Res. Lett., 25, 1979-1982. 
Chang, C. and B. Haimson (2000), True triaxial strength and deformability of the German Continental 
Deep Drilling Program (KTB) deep hole amphibolite, J. Geophys. Res., 105, 18999-19014. 
Charles, R. J. (1958), Static fatigue of glass, J. Appl. Phys., 29, 1549-1560. 
Chester, F. M. (1994), Effects of temperature on friction: constitutive equations and experiments with 
quartz gouge, J. Geophys. Res., 99, No. B4, 7247-7261. 
Chester, F. M. and J. M. Logan (1986), Implications for Mechanical Properties of Brittle Faults from 
Observations of the Punchbowl Fault Zone, California, Pure Appl. Geophys, 124, 79-106. 
Chmelík, F., P. Lukac, M. Janecek, F. Moll, B. L. Mordike, K.-U. Kainer and T. G. Langdon (2002), An 
evaluation of the creep characteristics of an AZ91 magnesium alloy composite using acoustic 
emission, Mat. Sci. Eng., A338, 1-7. 388 
 
Chuang, T.-J. and E. R. Fuller (1992), Extended Charles–Hillig Theory for Stress Corrosion Cracking of 
Glass, J. Am. Ceram. Soc., 75, 540-545. 
Cook, N. G. W. and K. Hodgson (1965), Some Detailed Stress-Strain Curves for Rock, J. Geophys. Res., 
70, No. 12, 2883-2888. 
Cornelius, R. R. and P. A. Scott (1993), A Materials Failure Relation of Accelerating Creep as Empirical 
Description of Damage Accumulation, Rock Mech. Rock Eng., 26 (3), 233-252. 
Cornelius, R. R. and B. Voight (1995), Graphical and PC-software analysis of volcano eruption 
precursors according to the Materials Failure Forecast Method (FFM), J. Vol. Geotherm. Res., 64, 
295-320. 
Cornet, F. H. and B. Valette (1984), In Situ Stress Determination From Hydraulic Injection Test Data, J. 
Geophys. Res., 89, No. B13, 11,527-511,537. 
Costin (1987), Time-dependent deformation and failure, in Fracture Mechanics of Rock, edited by B. K. 
Atkinson, pp. 167–216, Academic Press, London. 
Cottrell, A. H. (1996), Andrade creep, Phil. Mag. Lett., 73, 35-37. 
Cottrell, A. H. (1997), Logarithmic and Andrade creep, Phil. Mag. Lett., 75, 301-307. 
Cox, S. J. D. and P. G. Meredith (1993), Microcrack formation and material softening in rock measured 
by monitoring acoustic emissions, Int. J. Rock Mech. Min. Sci. Geomech. Abstr., 30, 11-24. 
Crampin, S., R. Evans and B. K. Atkinson (1984), Earthquake prediction: a new physical basis Geophys. 
J. Int., 76, 147-156. 
Cruden, D. M. (1974), Static fatigue of brittle rock under uniaxial compression, Int. J. Rock Mech. Min. 
Sci., 11, 67-73. 
Curran, J. H. and M. M. Carroll (1979), Shear Stress Enhancement of Void Compaction, J. Geophys. 
Res., 84, 1105-1112. 
Dally, J. W. and W. F. Riley (1991), Experimental stress analysis, McGraw-Hill, New York. 
Das, S. and C. H. Scholz (1981), Theory of Time-Dependent Rupture in the Earth, J. Geophys. Res., 86, 
6039-6051. 
Dennis, S. M. and B. K. Atkinson (1982), The influence of water on the stress supported by 
experimentally faulted Westerly granite, Geophys. J. Int., 71, 285-294. 
Dewers, T. and A. Hajash (1995), Rate laws for water-assisted compaction and stress-induced water-rock 
interaction in sandstones, J. Geophys. Res., 100, 13093-13112. 
Di Toro, G., D. L. Goldsby and T. E. Tullis (2004), Friction falls towards zero in quartz rock as slip 
velocity approaches seismic rates, Nature, 427, 436-439. 
Diederichs, M. S. and P. K. Kaiser (1999), Tensile strength and abutment relaxation as failure control 
mechanisms in underground excavations, Int. J. Rock Mech. Min. Sci., 36, 69-96. 
Dunning, J. D., B. Douglas, M. Miller and S. McDonald (1994), The Role of the Chemical Environment 
in Frictional Deformation: Stress Corrosion Cracking and Comminution, Pure Appl. Geophys, 
143, 151-178. 
Dunning, J. D., W. L. Lewis and D. E. Durr (1980), Chemomechanical weakening in the presence of 
surfactants, J. Geophys. Res., 85, 5344-5354. 
Dutton, R. (1974), The propagation of cracks by diffusion, in Fracture Mechanics of Ceramics, Volume 2, 
edited by R. C. Bradt, D. P. H. Hasselman and F. F. Lange, pp. 649-657, Plenum Press, New 
York. 
Eberhardt, E., D. Stead and B. Stimpson (1999), Quantifying progressive pre-peak brittle fracture damage 
in rock during uniaxial compression, Int. J. Rock Mech. Min. Sci., 36, 361-380. 
Eccles, D. (2005), Laboratory Electrical Studies on the Thermo-Chemo-Mechanics of Faults and Fault 
Slip, PhD thesis, University College London. 
Eccles, D., P. R. Sammonds and O. C. Clint (2005), Laboratory studies of electrical potential during rock 
failure Int. J. Rock Mech. Min. Sci., 42, 933-949. 
Evans, A. G. (1972), A method for evaluating the time-dependent failure characteristics of brittle 
materials - and its application to polycrystalline alumina, J. Mat. Sci., 7, 1137-1146. 389 
 
Evans, A. G. (1974), Slow crack growth in brittle materials under dynamic loading conditions, Int. J. 
Fracture, 10, 251-259. 
Evans, A. G. and W. Blumenthal (1983), High temperature failure in ceramics in Fracture Mechanics of 
Ceramics, Volume 6, edited by R. C. Bradt, A. G. Evans, D. P. H. Hasselman and F. F. Lange, 
pp. Plenum Press, New York. 
Evans, B., J. T. Frederich and T.-F. Wong (1990), The brittle-ductile transition in rocks: recent 
experimental and theoretical progress, in The brittle-ductile transition in rocks. The Heard 
volume, edited by A. G. Duba, W. B. Durham, J. Handin and H. F. Wang, pp. 1-20, American 
Geophysical Union, Geophys Monograph 56, Washington. 
Fairhurst, C. (1965), Measurement of in-situ stresses with particular reference to hydraulic fracturing, 
Felsmech Ingenieurgeol II, 3-4, 129-147. 
Fairhurst, C. (2003), Stress estimation in rock: a brief history and review, Int. J. Rock Mech. Min. Sci., 
40, 957-973. 
Faulkner, D. R., A. C. Lewis and E. H. Rutter (2003), On the internal structure and mechanics of large 
strike-slip fault zones: field observations of the Carboneras fault in southeastern Spain, 
Tectonophysics, 367, 235-251. 
Faulkner, D. R., T. M. Mitchell, D. Healy and M. J. Heap (2006), Slip on 'weak' faults by the rotation of 
regional stress in the fracture damage zone, Nature, 444, 922-925. 
Fortin, J., A. Schubnel and Y. Gueguen (2005), Elastic wave velocities and permeability evolution during 
compaction of Bleurswiller sandstone, Int. J. Rock Mech. Min. Sci., 42, 873-889. 
Fortin, J., S. Stanchits, G. Dresen and Y. Gueguen (2006), Acoustic emission and velocities associated 
with the formation of compaction bands in sandstone, J. Geophys. Res., 111, doi: 
10.1029/2005JB003854. 
Fowler, C. M. R. (2005), The Solid Earth: An Introduction to Global Geophysics, Cambridge University 
Press, Cambridge. 
Francois, D. and T. R. Wilshaw (1968), The Effect of Hydrostatic Pressure on the Cleavage Fracture of 
Polycrystalline Materials, J. Appl. Phys., 39, doi: 10.1063/1.1656943. 
Freiman, S. W. (1974), Effect of Alcohols on Crack Propagation in Glass, J. Am. Ceram. Soc., 57, 350-
353. 
Freiman, S. W. (1984), Effects of the Chemical Environment on Slow Crack Growth in Glasses and 
Ceramics, J. Geophys. Res., 89, 4072-4077. 
Fyfe, W. S., N. J. Price and A. B. Thompson (1978), Fluids in the Earth’s crust, Elservier, Amsterdam. 
Gangi, A. F. and R. L. Carlson (1995), An asperity-deformation model for effective pressure 
Tectonophysics, 256, 241-251. 
Gehrke, E., C. Ullner and M. Hahnert (1991), Fatigue limit and crack arrest in alkalicontaining silicate 
glasses, J. Mat. Sci., 26, 5445-5455. 
Gephart, J. W. and D. W. Forsyth (1984), An Improved Method for Determining the Regional Stress 
Tensor Using Earhtquake Focal Mechanism Data: Application to the San Fernando Earthquake 
Sequence, J. Geophys. Res., 89, 9305-9320. 
Glover, P. W. J., P. Baud, M. Darot, P. G. Meredith, S. Boon, A., M. LeRevelec, S. Zoussi and T. 
Reuschle (1995), α/β phase transition in quartz monitored using acoustic emissions., Geophys. J. 
Int., 120, 775-782. 
Glover, P. W. J., J. B. Gomez, P. G. Meredith, S. Boon, A., P. R. Sammonds and S. A. F. Murrell (1996), 
Modelling the stress-strain behaviour of saturated rocks undergoing triaxial deformation using 
complex electrical conductivity measurements Surveys in Geophysics, 17, 307-330. 
Goldsby, D. L. and T. E. Tullis (2002), Low frictional strength of quartz rocks at subseismic slip rates, 
Geophys. Res. Lett., 29, doi: 10.1029/2002GL015240. 
Grenet, L. (1899), Mechanical strength of glass, Bull. Soc. Enc. Industr. Nat. Paris (Ser. 5), 4, 838-848. 
Griffith, A. A. (1920), The phenomenon of rupture and flow in solids, Royal Soc. Phil. Series A, 221, 
163-198. 390 
 
Griffith, A. A. (1924), The theory of rupture, in Proc Int Cong Appl Mech. Delft: Tech Boekhandel en 
Drukkerij J Walter Jr, edited by B. C. B. and B. J. M., pp. 54-63. 
Griggs, D. (1939), Creep of Rocks, J. Geol., 47, 225-251. 
Griggs, D. (1940), Experimental flow of rocks under conditions favoring recrystallization, Bull. Seis. Soc. 
Am., 51, 1001-1022. 
Griggs, D. and J. Handin (1960), Rock Deformation, Geological Society of America Memoir 79. 
Gueguen, Y. and A. Schubnel (2003), Elastic wave velocities and permeability of cracked rocks, 
Tectonophysics, 370, 163-176. 
Guest, J. E. (1982), Styles of eruption and flow morphology on Mt. Etna, Mem. Soc. Geol. It., 23, 49-73. 
Guin, J.-P. and S. M. Wiederhorn (2003), Crack growth threshold in soda lime silicate glass: role of hold-
time, J. Non-Cryst. Solids, 316, 12-20. 
Hadizadeh, J. and R. D. Law (1991), Water-weakening of Sandstone and Quartzite Deformed at Various 
Stress and Strain Rates, Int. J. Rock Mech. Min. Sci. Geomech. Abstr., 28, 431-439. 
Haimson, B. (2006), True Triaxial Stresses and the Brittle Fracture of Rock, Pure Appl. Geophys, 163, 
1101-1130. 
Haimson, B. and C. Chang (2000), A new true triaxial cell for testing mechanical properties of rock, and 
its use to determine rock strength and deformability of Westerly granite Int. J. Rock Mech. Min. 
Sci., 37, 285-296. 
Haimson, B. and C. Chang (2002), True triaxial strength of the KTB amphibolite under borehole wall 
conditions and its use to estimate the maximum horizontal in situ stress, J. Geophys. Res., 107, 
No. B10, doi: 10.1029/2001JB000647. 
Handin, J., R. V. Hager, M. Friedman and J. N. Feather (1963), Experimental deformation of sedimentary 
rock under confining pressure: pore pressure effects, AAPG Bull., 47, 717-755. 
Handin, J., H. C. Heard and J. N. Magouirk (1967), Effects of the Intermediate Principal Stress on the 
Failure of Limestone, Dolomite, and Glass at Different Temperatures and Strain Rates, J. 
Geophys. Res., 72, No. 2, 611-640. 
Hawkes, I. and M. Mellor (1970), Uniaxial testing in rock mechanics laboratories, Eng. Geol., 4, 177-285. 
Healy, D. (2008), Damage patterns, stress rotations and pore fluid pressures in strike-slip fault zones, J. 
Geophys. Res., 113, B12407, doi: 10.1029/2008JB005655. 
Healy, D., R. R. Jones and R. E. Holdsworth (2006), Three-dimensional brittle shear fracturing by tensile 
crack interaction, Nature, 439, doi: 10.1038/nature04346. 
Heap, M. J. and D. R. Faulkner (2008), Quantifying the evolution of static elastic properties as crystalline 
rock approaches failure, Int. J. Rock Mech. Min. Sci., 45, 564-573. 
Heard, H. C. (1960), Transition from brittle fracture to ductile flow in Solenhofen limestone as a function 
of temperature, confining pressure, and interstitial fluid pressure, in Rock Deformation, edited by 
D. Griggs and J. Handin, pp. 193-226, (Geol. Soc. Am. Memoir 79). 
Heggheim, T., M. V. Madland, R. Risnes and T. Austad (2005), A chemical induced enhanced weakening 
of chalk by seawater, J. Pet. Sci. Eng., 46, 171-184. 
Heidbach, O., M. Tingay, A. Barth, J. Reinecker, D. Kurfess and B. Muller (2008), The release 2008 of 
the World Stress Map (available online at www.world-stress-map.org). 
Hellmann, R., P. J. N. Renders, J.-P. Gratier and R. Guiguet (2002), Experimental pressure solution 
compaction of chalk in aqueous solutions Part 1. Deformation behavior and chemistry, in Water-
rock interactions, ore deposits, and environmental geochemistry; a tribute to David A. Crerar, 
edited by R. Hellmann and S. A. Wood, pp. 129-152, The Geochemical Society, Special 
Publication No. 7, St. Louis, MO, USA. 
Hénaux, S. and F. Creuzet (1997), Kinetic fracture of glass at the nanometer scale, J. Mat. Sci. Lett., 16, 
1008-1011. 
Hickman, S. H. and B. Evans (1987), Influence of geometry upon crack healing rate in calcite Phys. 
Chem. Earth (A), 15, 1432-2021. 
Hillig, W. B. and R. J. Charles (1965), Surfaces, stress-dependent reactions, and strength, in High 
Strength Materials, edited by V. F. Zackay, pp. 682-705, John Wiley and Sons, New York. 391 
 
Hirata, T., T. Satoh and K. Ito (1987), Fractal structure of spatial distribution of microfracturing in rock, 
Geophys. J. Int., 90, 369-374. 
Hirth, G. and J. Tullis (1994), The brittle-plastic transition in experimentally deformed quartz aggregates, 
J. Geophys. Res., 99, No. B6, 11731-11747. 
Holcomb, D. J. (1993), General theory of the Kaiser effect, Int. J. Rock Mech. Min. Sci., 30, 929-935. 
Inglis, C. G. (1913), Stresses in a plastic due to presence of cracks and sharp corners, Trans. Inst. Naval 
Architects, 55, 219. 
Irwin, G. R. (1958), Fracture, in Handbuch der Physik, edited by S. Flugge, pp. 551-591, Springer, Berlin. 
Irwin, G. R. and R. de Wit (1983), A summary of fracture mechanics concepts, J. Test Eval., 11, 56-65. 
Isacks, B., J. Oliver and L. R. Sykes (1968), Seismology and the New Global Tectonics, J. Geophys. Res., 
73, 5855-5899. 
Ito, S. and M. Tomozawa (1982), Crack Blunting of High-Silica Glass, J. Am. Ceram. Soc., 65, 368-371. 
Jaeger, J., N. G. W. Cook and R. Zimmerman (2007), Fundamentals in Rock Mechanics (4th Edition), 
Blackwell Publishing, London. 
Jaeger, J. C. (1969), Elasticity, fracture and flow, Chapman and Hall, London. 
Kaiser, L. (1953), Erkenntnisse und Folgerungen aus der Messung von Geräuschen bei 
Zugbeanspruchung von metallischen Werkstoffen. Arch. für das Eisenhüttenwesen 24, pp. 43-45. 
Karunaratne, B. S. B. and M. H. Lewis (1980), High-temperature fracture and diffusional deformation 
mechanisms in Si-AI-O-N ceramics, J. Mat. Sci., 15, 449-462. 
Kato, N., K. Yamamoto, H. Yamamoto and T. Hirasawa (1993), A Stress-Corrosion Model for Strain-rate 
Dependence of the Frictional Strength of Rocks, Int. J. Rock Mech. Min. Sci. Geomech. Abstr., 
30, 551-554. 
Kehle, R. O. (1964), The Determination of Tectonic Stresses through Analysis of Hydraulic Well 
Fracturing, J. Geophys. Res., 69, 259-273. 
Kilburn, C. R. J. (2003), Multiscale fracturing as a key to forecasting volcanic eruptions J. Vol. 
Geotherm. Res., 125, 271-289. 
Kilburn, C. R. J. and B. Voight (1998), Slow rock fracture as eruption precursor at Soufriere Hills 
volcano, Montserrat Geophys. Res. Lett., 25, 3665–3668. 
Klein, E., P. Baud, T. Reuschle and T.-F. Wong (2001), Mechanical Behaviour and Failure Mode of 
Bentheim Sandstone Under Triaxial Compression, Phys. Chem. Earth (A), 26, 21-25. 
Kocer, C. and R. E. Collins (2001), Measurement of Very Slow Crack Growth in Glass, J. Am. Ceram. 
Soc., 84, 2585-2593. 
Kranz, R. (1980), The Effect of Confining Pressure and Stress Difference on Static Fatigue of Granite, J. 
Geophys. Res., 85, 1854-1866. 
Kranz, R., W. J. Harris and N. L. Carter (1982), Static fatigue of granite at 200
oC, Geophys. Res. Lett., 9, 
1-4. 
Kranz, R. and C. H. Scholz (1977), Critical dilatant volume of rocks at the onset of tertiary creep, J. 
Geophys. Res., 82, 4893-4898. 
Kwon, O., A. K. Kronenberg, A. F. Gangi and B. Johnson (2001), Permeability of Wilcox shale and its 
effective pressure law, J. Geophys. Res., 106, No. B9, 19339-19353. 
Lajtai, E. Z., R. H. Schmidtke and L. P. Bielus (1987), The Effect of Water on the Deformation and 
Fracture Time-dependent of a Granite, Int. J. Rock Mech. Min. Sci. Geomech. Abstr., 24, 247-
255. 
Lamb, T. W. and R. V. Whitman (1969), Soil Mechanics, John Wiley & Sons, New York. 
Lankford, J. (1979), Uniaxial Compressive Damage in α-SiC at Low Homologous Temperatures, J. Am. 
Ceram. Soc., 62, 310-312. 
Lankford, J. (1981), The Role of Tensile Microfracture in the Strain Rate Dependence of Compressive 
Strength of Fine-Grained Limestone Analogy with Strong Ceramics, Int. J. Rock Mech. Min. Sci. 
Geomech. Abstr., 18, 173-175. 
Lau, J. S. O. and N. A. Chandler (2004), Innovative laboratory testing, Int. J. Rock Mech. Min. Sci., 41, 
1427-1445. 392 
 
Lavrov, A. (2003), The Kaiser effect in rocks: principals and stress estimation techniques, Int. J. Rock 
Mech. Min. Sci., 40, 151-171. 
Lawn, B. (1993), Fracture of Brittle Solids, Cambridge University Press, Cambridge. 
Leeman, E. R. (1964), The measurement of stress in rock; part I, the principles of rock stress 
measurements; part II, borehole rock stress measuring instruments, J. S. Afr. Inst. Min. Metall., 
65, 45-114. 
Lei, X., K. Kusunose, M. V. M. S. Rao, O. Nishizawa and T. Satoh (2000), Quasi-static fault growth and 
cracking in homogeneous brittle rock under triaxial compression using acoustic emission 
monitoring, J. Geophys. Res., 105, 6127-6139. 
Lei, X., K. Masuda, O. Nishizawa, L. Jouniaux, L. Liu, W. Ma, T. Satoh and K. Kusunose (2004), 
Detailed analysis of acoustic emission activity during catastrophic fracture of faults in rock, J. 
Struct. Geol., 26, 247-258. 
Li, C. and E. Nordlund (1993), Experimental Verification of the Kaiser Effect in Rocks, Rock Mech. 
Rock Eng., 26, 333-351. 
Li, Y. and C. Xia (2000), Time-dependent tests on intact rocks in uniaxial compression Int. J. Rock Mech. 
Min. Sci., 37, 467-475. 
Lockner, D. (1993), The Role of Acoustic Emission in the Study of Rock Fracture, Int. J. Rock Mech. 
Min. Sci. Geomech. Abstr., 30, 883-889. 
Lockner, D. (1993), Room temperature creep in saturated granite, J. Geophys. Res., 98, 475-487. 
Lockner, D. (1998), A generalized law for brittle deformation of Westerly granite, J. Geophys. Res., 103, 
5107-5123. 
Lockner, D. and J. Byerlee (1975), Acoustic emission and creep in rock at high confining pressure and 
differential stress Bull. Seis. Soc. Am., 67, 247-258. 
Lockner, D. and J. Byerlee (1992), Fault growth and acoustic emissions in confined granite, Appl. Mech. 
Rev., 45, 165-173. 
Lockner, D., J. Byerlee, V. Kuksenko, A. Ponomarev and A. Sidorin (1991), Quasi-static fault growth and 
shear fracture energy in granite, Nature, 350, 39-42. 
Lockner, D., J. Byerlee, V. Kuksenko, A. Ponomarev and A. Sidorin (1992), Observations of Quasistatic 
Fault Growth from Acoustic Emissions, in Fault Mechanics and Transport Properties in Rock 
edited by J. R. Rice, B. Evans and T.-F. Wong, pp. 3-31, Academic Press, London. 
Logan, J. M., C. A. Dengo, N. G. Higgs and Z. Z. Wang (1992), Fabrics of experimental fault zones: their 
development and relationship to mechanical behavior, in Fault Mechanics and Transport 
Properties of Rocks, edited by B. Evans and T.-F. Wong, pp. 33-69, Academic Press, New York. 
Lombardo, G. and C. Cardaci (1994), The seismicity of the Etnean area and different features of observed 
seismic sequences, Acta. Vulcanol., 5, 155-163. 
Louis, L., C. David and P. Robion (2003), Comparison of the anisotropic behaviour of undeformed 
sandstones under dry and saturated conditions Tectonophysics, 370, 193-212. 
Lungarini, L., C. Troise, M. Meo and G. De Natale (2005), Finite element modelling of topographic 
effects on elastic ground deformation at Mt. Etna, J. Vol. Geotherm. Res., 144, 257-271. 
Maes, C., A. Van Moffaert, H. Frederix and H. Strauven (1998), Criticality in creep experiments on 
cellular glass, Phys. Rev. B, 57, 4987-4990. 
Main, I. G. (1999), Applicability of time-to-failure analysis to accelerated strain before earthquakes and 
volcanic eruptions, Geophys. J. Int., 139, F1-F6. 
Main, I. G. (2000), A damage mechanics model for power-law creep and earthquake aftershock and 
foreshock sequences Geophys. J. Int., 142, 151-161. 
Main, I. G. and P. G. Meredith (1991), Stress corrosion constitutive laws as a possible mechanism of 
intermediate-term and short-term seismic quiescence, Geophys. J. Int., 107, 363-372. 
Main, I. G., P. G. Meredith and P. R. Sammonds (1992), Temporal variations in seismic event rate and b-
values from stress corrosion constitutive laws, Tectonophysics, 211, 233-246. 
Main, I. G., P. R. Sammonds and P. G. Meredith (1993), Application of a modified Griffith criterion to 
the evolution of fractal damage during compressional rock failure, Geophys. J. Int., 115, 367-380. 393 
 
Manconi, A., T. R. Walter and F. Amelung (2007), Effects of mechanical layering on volcano 
deformation, Geophys. J. Int., 170, 952-958. 
Maranini, E. and M. Brignoli (1999), Creep behaviour of a weak rock: experimental characterization, Int. 
J. Rock Mech. Min. Sci., 36, 127-138. 
Martin, C. D. and N. A. Chandler (1994), The progressive fracture of Lac du Bonnet granite, Int. J. Rock 
Mech. Min. Sci., 31, 643-659. 
Martin, R. J. (1972), Time-Dependent Crack Growth in Quartz and its Application to the Creep of Rocks, 
J. Geophys. Res., 77, No. 8, 1406-1419. 
Martin, R. J. and W. B. Durham (1975), Mechanisms of Crack Growth in Quartz, J. Geophys. Res., 80, 
No. 35, 4837-4844. 
Masuda, K. (2001), Effects of water on rock strength in a brittle regime, J. Struct. Geol., 23, 1653-1657. 
Masuda, K., H. Mizutani and I. Yamada (1987), Experimental study of strain-rate dependence and 
pressure dependence of failure properties of granite, J. Phys. Earth, 35, 37-66. 
Matsuki, K. and K. Takeuchi (1993), Three-dimensional in situ stress determination by anelastic strain 
recovery of a rock core Int. J. Rock Mech. Min. Sci. Geomech. Abstr., 30, 1019-1022. 
McClintock, F. A. and G. R. Irwin (1965), Plasticity Aspects of Fracture Mechanics, Fracture Toughness 
Testing and Its Applications (ASTM, Philadelphia, 1965), pp. 84. 
McClintock, F. A. and J. B. Walsh (1962), Friction on Griffith cracks under pressure, Proceeding of the 
4th US National Congress on Applied Mechanics, 1015-1021. 
McGuire, W. J. and C. R. J. Kilburn (1997), Forecasting volcanic events: some contemporary issues, 
Geol. Rundsch., 86, 439-445. 
McTigue, D. F. and P. Segall (1988), Displacements and Tilts from Dip-Slip Faults and Magma 
Chambers Beneath Irregular Surface Topography, Geophys. Res. Lett., 15, No. 6, 601-604. 
Menéndez, B., W. Zhu and T.-F. Wong (1996), Micromechanics of brittle faulting and cataclastic flow in 
Berea sandstone, J. Struct. Geol., 18, 1-16. 
Meredith, P. G. and B. K. Atkinson (1982), High-temperature tensile crack propagation in quartz: 
Experimental results and application to time-dependent earthquake rupture, Earthquake Predict. 
Res., 1, 377-391. 
Meredith, P. G. and B. K. Atkinson (1983), Stress corrosion and acoustic emission during tensile crack 
propagation in Whin Sill dolerite and other basic rocks, Geophys. J. Int., 75, 1-21. 
Meredith, P. G. and B. K. Atkinson (1985), Fracture toughness and subcritical crack growth during high-
temperature tensile deformation of Westerly granite and Black gabbro, Phys. Earth Planet. Int., 
39, 33-51. 
Meredith, P. G., S. Boon, A., S. Vinciguerra and N. Group (2005), CREEP: Long-term time-dependent 
rock deformation in a deep-sea laboratory in the Ionian sea: a pilot study, Geophysical Research 
Abstracts, 7, 06491. 
Meredith, P. G., S. Boon, A., S. Vinciguerra, C. R. J. Kilburn and N. Group (2005), Long-term time-
dependent rock deformation at constant stress: a mechanism for accelerated deformation 
preceding volcanic eruptions., Geophysical Research Abstracts, 7, 07793. 
Michael, A. J. (1987), Use of focal mechanisms to determine stress: A control study, J. Geophys. Res., 
92, 357-369. 
Michalske, T. A. (1983), The stress corrosion limit: its measurement and implications, in Fracture 
Mechanics of Ceramics, Vol. 5, Surface Flaws, Statistics, and Microcracking, edited by R. C. 
Bradt, A. G. Evans, D. P. H. Hasselman and F. F. Lange, pp. 277-289, Plenum Press, New York. 
Michalske, T. A. and B. Bunker, C. (1987), Steric Effects in Stress Corrosion Fracture of Glass, J. Am. 
Ceram. Soc., doi: 10.1111/j.1151-2916.1987.tb04879.x. 
Michalske, T. A. and S. W. Freiman (1982), A molecular interpretation of stress corrosion in silica, 
Nature, 295, 511-512. 
Michalske, T. A. and S. W. Freiman (1983), A Molecular Mechanism for Stress Corrosion in Vitreous 
Silica, J. Am. Ceram. Soc., 66, 284-288. 394 
 
Michalske, T. A., W. L. Smith and B. Bunker, C. (1991), Fatigue Mechanisms in High-Strength Silica-
Glass Fibers, J. Am. Ceram. Soc., 74, 1993-1996. 
Mitchell, T. M. and D. R. Faulkner (2008), Experimental measurements of permeability evolution during  
triaxial compression of initially intact crystalline rocks and implications for fluid flow in fault 
zones, J. Geophys. Res., 113, B11412, doi: 10.1029/2008JB005588. 
Mogi, K. (1958), Relations between the eruptions of various volcanoes and the deformations of the 
ground surfaces around them, Bull. Earthq. Res. Inst., Univ. Tokyo, 36, 99-134. 
Mogi, K. (1967), Effect of the Intermediate Principal Stress on Rock Failure, J. Geophys. Res., 72, No. 
20, 5117-5131. 
Mogi, K. (1971), Effect of the triaxial stress system on the failure of  dolomite and limestone, 
Tectonophysics, 11, 111-127. 
Mogi, K. (1972), Effect of the triaxial stress system on fracture and flow of rocks, Phys. Earth Planet. Int., 
5, 318-324. 
Murrell, S. A. F. (1963), A criterion for brittle fracture of rocks and concrete under triaxial stress and the 
effect of pore pressure on the criterion, in Proc. 5th Rock Mechanics Symp., edited by C. 
Fairhurst, pp. 563-577, Pergamon, Oxford. 
Murrell, S. A. F. (1964), The theory of the propagation of elliptical Grifith cracks under various 
conditions of plane strain or plane stress: Part I, Brit. J. Appl. Phys., 15, 1195-1210. 
Murrell, S. A. F. (1965), The Effect of Triaxial Stress Systems on the Strength of Rocks at Atmospheric 
Temperatures, Geophys. J. Int., 10, 231-281. 
Murrell, S. A. F. and P. J. Digby (1970), The Theory of Brittle Fracture Initiation under Triaxial Stress 
Conditions, Geophys. J. Int., 19, 309-334. 
Nara, Y. and K. Kaneko (2006), Sub-critical crack growth in anisotropic rock, Int. J. Rock Mech. Min. 
Sci., 43, 437-453. 
Ngwenya, B. T., I. G. Main, S. C. Elphick, B. R. Crawford and B. G. D. Smart (2001), A constitutive law 
for low-temperature creep of water-saturated sandstones, J. Geophys. Res., 106, 21811-21826. 
Nishizawa, O. and H. Noro (1990), Self-exciting process of acoustic emission occurrence in steady creep 
of granite under uniaxial stress, Geophys. Res. Lett., 17, 1521-1524. 
Nishizawa, O., K. Onai and K. Kusunose (1984), Hypocenter distribution and focal mechanism of AE 
events during two stress stage creep in Yugawara andesite, Pure Appl. Geophys, 122, 36-52. 
O'Connell, R. J. and B. Budiansky (1974), Seismic velocities in dry and saturated cracked solids, J. 
Geophys. Res., 79, 5412-5426. 
Obreimoff, J. W. (1930), The Splitting Strength of Mica, Proc. Royal Soc. Lon., 127, 290-297. 
Obrizzo, F., F. Pingue, C. Troise and G. De Natale (1994), Bayesian inversion of 1994–1998 vertical 
displacements at Mt Etna: evidence for magma intrusion, Geophys. J. Int., 157, 935-946. 
Oda, M., T. Takemura and T. Aoki (2002), Damage growth and permeability change in triaxial 
compression tests of Inada granite, Mech. Mat., 34,  
Ohnaka, M. (1973), The quantitative effect of hydrostatic confining pressure on the compressive strength 
of crystalline rocks, J. Phys. Earth, 21, 125-140. 
Ohnaka, M. (1975), Frictional characteristics of typical rocks, J. Phys. Earth, 23, 87-112. 
Ohnaka, M. (1983), Acoustic emission during creep of brittle rock, Int. J. Rock Mech. Min. Sci. 
Geomech. Abstr., 20, 121-134. 
Ohno, N., N. Okamoto, T. Miyake, S. Nishide and S. Masaki Jr (1994), Acoustic emission and fiber 
damage in creep of unidirectional SCS-6/Ti-15-3 metal matrix composite at 450°C, Scripta 
Metallurgica et Materialia, 31, 1549-1554. 
Ojala, I. O., B. T. Ngwenya, I. G. Main and S. C. Elphick (2003), Correlation of microseismic and 
chemical properties of brittle deformation in Locharbriggs sandstone, J. Geophys. Res., 108(B5), 
doi: 10.1029/2002JB002277. 
Olson, J. E. (1993), Joint Pattern Development: Effects of Subcritical Crack Growth and Mechanical 
Crack Interaction, J. Geophys. Res., 98, 12251-12265. 395 
 
Olsson, W. A. (1991), The Compressive Strength of Tuff as a Function of Strain Rate from 10-6 to 10-
3/sec, Int. J. Rock Mech. Min. Sci. Geomech. Abstr., 28, 115-118. 
Orowan, E. (1944), The Fatigue of Glass Under Stress, Nature, 154, 341-343. 
Orowan, E. (1949), Fracture and strength of solids, Rep. Prog. Phys., 12, 185-232. 
Patanè, D., G. Barberi, O. Cocina, P. De Gori and C. Chiarabba (2006), Time-Resolved Seismic 
Tomography Detects Magma Intrusions at Mount Etna, Science, 313, 821-823. 
Patanè, D., O. Cocina, S. Falsaperla, E. Privitera and S. Spampanato (2004), Mt. Etna Volcano: A 
Seismological Framework, in Mt. Etna: Volcano Laboratory, edited by A. Bonaccorso, S. 
Calvari, M. Coltelli and S. Falsaperla, pp. 147-166, American Geophysical Union Geophysical 
Monograph 143. 
Patane, D., O. Cocina, S. Falsaperla, E. Privitera, S. Spampinato, A. Bonaccorso, S. Calvari, M. Coltelli, 
C. Del Negro and S. Falsaperla (2004), Mt. Etna volcano: A seismological framework, in Mt. 
Etna: Volcano laboratory, edited by pp. 147,  
Patanè, D., P. De Gori, C. Chiarabba and A. Bonaccorso (2003), Magma ascent and the pressurization of 
Mount Etna’s volcanic system, Science, 299, 2061-2063. 
Patanè, D., A. Montalto, S. Vinciguerra and J. C. Tanguy (1996), A model of the 1991 - 1993 eruption 
onset of Etna (Italy), Phys. Earth Planet. Int., 97, 231-245. 
Paterson, M. S. (1958), Experimental deformation and faulting in Wombeyan marble Bull. Seis. Soc. 
Am., 69, 465-475. 
Paterson, M. S. and T.-F. Wong (2005), Experimental Rock Deformation - The Brittle Field, Springer, 
New York. 
Paul, B. (1968), Macroscopic criteria for plastic flow and brittle fracture, in Fracture. An Advanced 
Treatise, edited by H. Liebowitz, pp. 313-496,  
Poirier, J.-P. (1985), Creep of Crystals: High-Temperature Deformation Processes in Metals, Ceramics 
and Minerals, Cambridge University Press, Cambridge. 
Price, N. J. (1966), Fault and Joint Development in Brittle and Semi-brittle Rock, Pergamon Press, New 
York. 
Puglisi, G., P. Briole, A. Bonforte, A. Bonaccorso, S. Calvari, M. Coltelli, C. Del Negro and S. Falsaperla 
(2004), Twelve years of ground deformation studies on Mt. Etna volcano based on GPS surveys, 
in Mt. Etna: Volcano laboratory, edited by pp. 321,  
Read, M. D., M. R. Ayling, P. G. Meredith and S. A. F. Murrell (1995), Microcracking during triaxial 
deformation of porous rocks monitored by changes in rock physical properties, II. Pore 
volumometry and acoustic emission measurements on water-saturated rocks Tectonophysics, 245, 
223-235. 
Reches, Z. and D. Lockner (1994), Nucleation and growth of faults in brittle rocks, J. Geophys. Res., 99, 
No. B9, 18159-18173. 
Rehbinder, P. A. (1948), Hardness reducers in drilling (translated from Russian), CSIR, Melbourne. 
Renshaw, C. E. and D. D. Pollard (1994), Numerical simulation of fracture set formation: A fracture 
mechanics model consistent with experimental observations, J. Geophys. Res., 99, 9359-9372. 
Reuschle, T., S. Gbaguidi Haore and M. Darot (2003), Microstructural control on the elastic properties of 
thermally cracked granite, Tectonophysics, 370, 95-104. 
Rice, J. R. (1968), Mathematical analysis in the mechanics of fracture, in Fracture, edited by H. 
Liebowitz, pp. 191-311, Academic Press, New York. 
Rice, J. R. (1968), A path independent integral and the approximate analysis of strain concentration by 
notches and cracks, J. Appl. Mech., 34, 379-386. 
Roa, M. V. M. S. and Y. V. Ramana (1992), A Study of Progressive Failure of Rock Under Cyclic 
Loading by Ultrasonic and AE Monitoring Techniques, Rock Mech. Rock Eng., 25, 237-251. 
Robin, P. Y. F. (1973), Note on effective pressure, J. Geophys. Res., 78, 2434-2437. 
Rocchi, V. (2002), Fracture of Basalts under Simulated Volcanic Conditions, PhD thesis, University 
College London. 396 
 
Rocchi, V., P. R. Sammonds and C. R. J. Kilburn (2004), Fracturing of Etnean and Vesuvian rocks at 
high temperatures and low pressures, J. Vol. Geotherm. Res., 132, 137-157. 
Rudnicki, J. W. (1980), Fracture mechanics applied to the Earth's crust, Ann. Rev. Earth. Planet Sci., 8, 
489-525. 
Rummel, F. and C. Fairhurst (1970), Determination of the post-failure behavior of brittle rock using a 
servo-controlled testing machine Rock Mech. Rock Eng., 2, 189-204. 
Rutter, E. H. (1972), The Effects of Strain-Rate Changes on the Strength and Ductility of Solenhofen 
Limestone at Low Temperatures and Confining Pressures, Int. J. Rock Mech. Min. Sci. Geomech. 
Abstr., 1972, 183-189. 
Rutter, E. H. (1995), Experimentals tudyo f the influenceo f stress,t emperature,a nd strain on the dynamic 
recrystallization of Carrara marble, J. Geophys. Res., 100, No. B12, 24651-24663. 
Rutter, E. H. (1999), On the relationship between the formation of shear zones and the form of the flow 
law for rocks undergoing dynamic recrystallization, Tectonophysics, 303, 147-158. 
Rutter, E. H. and D. H. Mainprice (1978), The Effect of Water on Stress Relaxation of Faulted and 
Unfaulted Sandstone, Pageoph, 116, 634-654. 
Sammonds, P. R., P. G. Meredith and I. G. Main (1992), Role of pore fluids in the generation of seismic 
precursors to shear fracture, Nature, 359, 228-230. 
Sano, O., I. Ito and M. Terada (1981), Influence of Strain Rate on Dilatancy and Strength of Oshima 
Granite Under Uniaxial Compression, J. Geophys. Res., 86, No. B10, 9299-9311. 
Savalli, L. and T. Engelder (2005), Mechanisms controlling rupture shape during subcritical growth of 
joints in layered rocks, GSA Bulletin, 117, 436-449. 
Sayers, C. M. and M. Kachanov (1995), Microcrack induced elastic wave anisotropy in brittle rocks, J. 
Geophys. Res., 100, 4149-4156. 
Scholz, C. H. (1968), The frequency-magnitude relation of microfracturing in rock and its relation to 
earthquakes, Bull. Seis. Soc. Am., 58, 399-415. 
Scholz, C. H. (1968), Microfractures, aftershocks, and seismicity, Bull. Seis. Soc. Am., 58, 1117-1130. 
Scholz, C. H. (1972), Static fatigue of quartz, J. Geophys. Res., 77, 2104-2114. 
Scholz, C. H. (2002), The mechanics of earthquakes and faulting, Cambridge Press, Cambridge. 
Shimamoto, T. and A. Tsutsumi (1994), A new rotary-shear high-speed frictional testing machine: its 
basic design and scope of research (in Japanese with English abstract), J. Tectonic. Res. Group of 
Japan, 39, 65-78. 
Sigurdsson, H. and S. R. J. Sparks (1978), Lateral magma flow within rifted Icelandic crust, Nature, 274, 
126-130. 
Simmons, C. J. and S. W. Freiman (1981), Effect of Corrosion Processes on Subcritical Crack Growth in 
Glass, J. Am. Ceram. Soc., 64, 683-686. 
Skempton, A. W. (1961), Effective stress in soils, concrete and rock, In Proceedings of the Butterworth 
conference on pore pressure and suction in soils, London. 
Soga, N., H. Mizutani, H. Spetzlet and R. J. I. Martin (1978), The effect of dilatancy on velocity 
anisotropy in Westerly granite, J. Geophys. Res., 83, 4451-4458. 
Sotin, C. and J.-P. Poirier (1984), Analysis of high-temperature creep experiments by generalized 
nonlinear inversion, Mech. Mat., 3, No. 4, 311-317. 
Stanchits, S., S. Vinciguerra and G. Dresen (2006), Ultrasonic Velocities, Acoustic Emission 
Characteristics and Crack Damage of Basalt and Granite, Pure Appl. Geophys, 163, 975-994. 
Swain, M. V., J. S. Williams, B. Lawn and J. J. H. Beek (1973), A comparative study of the fracture of 
various silica modifications using teh Hertzian test, J. Mat. Sci., 8, 1153-1164. 
Swanson, P. L. (1984), Subcritical Crack Growth and Other Time- and Environment-Dependent Behavior 
in Crustal Rocks, J. Geophys. Res., 89, 4137-4152. 
Takemura, T. and M. Oda (2005), Changes in crack density and wave velocity in association with crack 
growth in triaxial tests of Inada granite, J. Geophys. Res., 110, B05401, doi: 
10.1029/2004JB003395. 397 
 
Tanguy, J. C., M. Condomines and G. Kieffer (1997), Evolution of the Mount Etna magma: Constraints 
on the present feeding system and eruptive mechanism, J. Vol. Geotherm. Res., 75, 221-250. 
Terzaghi, K. (1943), Theoretical Soil Mechanics, John Wiley and Sons, New York. 
Thompson, B. D., R. P. Young and D. Lockner (2006), Fracture in Westerly Granite under AE Feedback 
and Constant Strain Rate Loading: Nucleation, Quasi-static Propagation, and the Transition to 
Unstable Fracture Propagation, Pure Appl. Geophys, 163, 995-1019. 
Townend, E., B. D. Thompson, P. M. Benson, P. G. Meredith, P. Baud and R. P. Young (2008), Imaging 
compaction band propagation in Diemelstadt sandstone using acoustic emission locations, 35, 
doi: 10.1029/2008GL034723. 
Trasatti, E., C. Giunchi and N. P. Agostinetti (2008), Numerical inversion of deformation caused by 
pressure sources: application to Mount Etna (Italy), Geophys. J. Int., 172, 873-884. 
Tsutsumi, A. and T. Shimamoto (1997), High-velocitfyr ictionapl ropertieosf gabbro, Geophys. Res. Lett., 
24, No. 6, 699-702. 
Tullis, J. and R. A. Yund (1992), The brittle-ductile transition in feldspar aggregates: An experimental 
study, in Fault Mechanics and Transport Properties of Rocks, edited by B. Evans and T.-F. Wong, 
pp. 89-117, Academic Press, New York. 
Tullis, T. E., F. G. Horowitz and J. Tullis (1991), Flow Laws of Polyphase Aggregates from End-Member 
Flow Laws, J. Geophys. Res., 96, No. B5, 8081-8096. 
Twiss, R. J. and E. M. Moores (1992), Structural Geology, WH Freeman, New York. 
Underwood, E. E. (1970), Quantitative stereology, Addison Wesley, Reading. 
Vinciguerra, S. (1999), Seismic scaling exponents as a tool in detecting stress corrosion crack growth 
leading to the September-October 1989 flank eruption at Mt. Etna volcano, Geophys. Res. Lett., 
26, 3685-3688. 
Vinciguerra, S. (2002), Damage mechanics preceding the September-October 1989 flank eruption at 
Mount Etna volcano inferred by seismic scaling exponents, J. Vol. Geotherm. Res., 113, 391-397. 
Vinciguerra, S., V. Latora, S. Bocciato and R. T. Kamimura (2001), Identifying and discriminating 
seismic patterns leading flank eruptions at Mt. Etna Volcano during 1981-1996, J. Vol. 
Geotherm. Res., 106, 211-228. 
Vinciguerra, S., C. Trovato, P. G. Meredith and P. M. Benson (2005), Relating seismic velocities, thermal 
cracking and permeability in Mt. Etna and Iceland basalts, Int. J. Rock Mech. Min. Sci., 42, 900-
910. 
Vinciguerra, S., C. Trovato, P. G. Meredith, P. M. Benson, C. Troise and G. De Natale (2006), 
Understanding the seismic velocity structure of Campi Flegrei caldera (Italy): from the laboratory 
to the field scale, Pure Appl. Geophys, 163, 2205-2221. 
Voight, B. (1988), A method for prediction of volcanic eruptions, Nature, 332, 125-130. 
Voight, B. (1989), A Relation to Describe Rate-Dependent Material Failure, Science, 243, 200-203. 
Vutukuri, V. S., R. D. Lama and S. S. Saluja (1974), Handbook on mechanical properties of rocks: testing 
techniques and results, Trans Technical Publications, Ohio. 
Walker, A. N., E. H. Rutter and B. K. H. (1990), Experimental study of grain-size sensitive flow of 
synthetic, hotpressed calcite rocks, in Deformation Mechanisms, Rheology and Tectonics, edited 
by R. J. Knipe and E. H. Rutter, pp. 259-284, Geological Society Special Publication. 
Walsh, J. B. (1965), The effect of cracks on the compressibility of rock, J. Geophys. Res., 70, 381-389. 
Wawersik, W. R. and W. F. Brace (1971), Post-failure behavior of a granite and diabase Rock Mech. 
Rock Eng., 3, 61-85. 
Wawersik, W. R. and W. S. Brown (1973), Creep fracture in rock, Utah University Salt Lake City 
Department of Mechanical Enginnering, Final report. 28 Dec 71-28 Jul 73. 
Wawersik, W. R. and C. Fairhurst (1970), A study of brittle rock fracture in laboratory compression 
experiments, Int. J. Rock Mech. Min. Sci., 7, 561-575. 
Waza, T., K. Kurita and H. Mizutani (1980), The effect of water on the subcritical crack growth in silicate 
rocks, Tectonophysics, 67, 25-34. 398 
 
Whitten, C. A. (1956), Crustal movements in California and Nevada, Transactions of the American 
Geophysical Union, 37, 393-398. 
Wiederhorn, S. M. (1967), Influence of Water Vapor on Crack Propagation in Soda-Lime Glass, J. Am. 
Ceram. Soc., 50, 407-414. 
Wiederhorn, S. M. (1968), Moisture assisted crack growth in ceramics, Int. J. Fract. Mech., 4, 171-177. 
Wiederhorn, S. M. (1978), Mechanisms of subcritical crack growth in glass, in Fracture Mechanics of 
Ceramics, Volume 4, edited by R. C. Bradt, D. P. H. Hasselman and F. F. Lange, pp. 549-580, 
Plenum Press, New York. 
Wiederhorn, S. M. and L. H. Bolz (1970), Stress Corrosion and Static Fatigue of Glass, J. Am. Ceram. 
Soc., 53, 543-548. 
Wiederhorn, S. M., A. Dretzke and J. Rodel (2002), Crack Growth in Soda–Lime–Silicate Glass near the 
Static Fatigue Limit, J. Am. Ceram. Soc., 85, 2287-2292. 
Wiederhorn, S. M., A. Dretzke and J. Rodel (2003), Near the static fatigue limit in glass, Int. J. Fract. 
Mech., 121, 1-7. 
Wiederhorn, S. M., S. W. Freiman, E. R. Fuller and C. J. Simmons (1982), Effects of water and other 
dielectrics on crack growth, J. Mat. Sci., 17, 3460-3478. 
Wiederhorn, S. M. and H. Johnson (1972), Effect of Electrolyte pH on Crack Propagation in Glass, J. 
Am. Ceram. Soc., 56, 192-197. 
Wiederhorn, S. M. and H. Johnson (1973), Influence of Sodium-Hydrogen Ion Exchange on Crack 
Propagation in Soda-Lime Silicate Glass, J. Am. Ceram. Soc., 56, No. 2, 108-109. 
Wilkins, B. J. S. (1980), Slow Crack Growth and Delayed Failure of Granite, Int. J. Rock Mech. Min. Sci. 
Geomech. Abstr., 17, 365-369. 
Wilkins, B. J. S. and R. Dutton (1976), Static Fatigue Limit with Particular Reference to Glass, J. Am. 
Ceram. Soc., 59, 108-112. 
Winkler, K. W. and W. F. Murphy III (1995), Acoustic velocity and attenuation in porous rocks, in Rock 
Physics and Phase Relations, edited by T. J. Ahrens, pp. 20-34, AGU reference shelf. 
Wong, T.-F. (1982), Effects of temperature and pressure on failure and post-failure behaviour of Westerly 
granite, Mech. Mat., 1, 3-17. 
Wong, T.-F., C. David and W. Zhu (1997), The transition from brittle faulting to cataclastic flow in 
porous sandstones: Mechanical deformation, J. Geophys. Res., 102, 3009-3025. 
Wood, D. S. (1973), Patterns and magnitudes of natural strain in rocks, Phil. Trans. R. Soc. Lond., 274, 
373-382. 
Wu, F. J. and L. Thomsen (1975), Microfracturing and deformation of Westerly granite under creep 
condition, Int. J. Rock Mech. Min. Sci. Geomech. Abstr., Abst. 12, 167-173. 
Wu, X. Y., P. Baud and T.-F. Wong (2000), Micromechanics of compressive failure and spatial evolution 
of anisotropic damage in Darley Dale sandstone, Int. J. Rock Mech. Min. Sci., 37, 143-160. 
Yanagidani, T., S. Ehara, O. Nishizawa, K. Kusunose and M. Terada (1985), Localization of dilatancy in 
Ohshima granite under constant uniaxial stress, J. Geophys. Res., 94, 6840-6858. 
Yoshida, S., O. C. Clint and P. R. Sammonds (1998), Electric potential changes prior to shear fracture in 
dry and saturated rocks, Geophys. Res. Lett., 25, No. 10, 1577-1580. 
Zang, A., F. C. Wagner and G. Dresen (1996), Acoustic emission, microstructure, and damage model of 
dry and wet sandstone stressed to failure, J. Geophys. Res., 101, 17507-17521. 
Zhang, J., T.-F. Wong and D. M. Davis (1990), Micromechanics of Pressure-Induced Grain Crushing in 
Porous Rocks, J. Geophys. Res., 95, No. B1, 341-352. 
Zhu, W. and T.-F. Wong (1997), The transition from brittle faulting to cataclastic flow: Permeability 
evolution, J. Geophys. Res., 102, No. B2, 3027-3041. 
Zoback, M. D. and J. D. Byerlee (1975), The Effect of Microcrack Dilatancy on the Permeability of 
Westerly Granite J. Geophys. Res., 80, No. 5, 752-755. 
Zoback, M. L. and M. Magee (1991), Stress magnitudes in the crust: constraints from stress orientation 
and relative magnitude data, Phil. Trans. R. Soc.: Phys. Eng. Sci., 337, 181-194. 399 
 
Zoback, M. L., M. D. Zoback, J. Adams, M. Assumpcao, S. Bell, E. A. Bergman, B. P., N. R. Brereton, 
D. Denham, J. Ding, K. Fuchs, N. Gay, S. Gregersen, H. K. Gupta, A. Gvishiani, K. Jacob, R. 
Klein, P. Knoll, M. Magee, J. L. Mercier, B. C. Muller, C. Paquin, K. Rajendran, O. Stephansson, 
G. Suarez, M. Suter, A. Udias, Z. H. Xu and M. Zhizhin (1989), Global patterns of tectonic stress, 
Nature, 341, 291-298. 
 
 